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ABSTRACT
The formation of carbonaceous by-products (e.g. soot) during the operation of an
internal combustion engine is unavoidable and the aggregation of this soot leads to
deleterious effects including abrasive wear of the engine, increased oil viscosities, and
sludge deposition. Dispersants, which are composed of a hydrophobic tail and a polar
headgroup, are used as oil additives to aid in the suspension and stabilization of the soot
particles. Polyisobutylene succinimide (PIBSI) is the most well-studied class of
dispersants and is characterized by a linear architecture and polyamine headgroup that
interacts with soot by acid-base and dipole-dipole interactions. As such, there remains a
lack in understanding on the effect of dispersant architecture and alternative dispersantsoot interactions and the governing characteristics of these interactions.
In the first project, we synthesized a library of polyisobutylene (PIB)-based
dispersants with varying architecture. Linear dispersants were prepared via living
cationic polymerization and grafted dispersants by the acid-catalyzed cleavage/alkylation
of butyl rubber. Comb dispersants were prepared from the alternating copolymerization
of vinyl-ether PIB (VE-PIB) macromers with maleic anhydride where the rate of
copolymerization was found to be heavily influenced by molecular weight of the VE-PIB
macromer. The affinity and degree to which comb and grafted dispersants adsorbed to
carbon black was found to be similar whereas a linear dispersant exhibited reduced
affinity yet increased adsorption capacity.
In the second project, we investigated the effect of PIB-based dispersants
containing exclusively non-nucleophilic nitrogen in addition to how π-π interactions can
be leveraged for the adsorption of dispersants. Linear PIB was functionalized with 1-(2i

aminoethylpiperazine) and was subsequently functionalized with cyclic anhydrides of
varying degrees of aromaticity. Metal corrosion and fluoroelastomer compatibility
indicated that dispersants with non-nucleophilic nitrogen were less aggressive while
providing a greater degree of total base number in comparison to PIBSI dispersants. A
critical size of at least two terminal aromatic rings was found to be able to leverage
advantageous π-π interactions between dispersants and carbon black for increased
adsorption.
In the third project, we investigated cation-π interactions between carbon black
and ionic-liquid terminated PIB (PIB-IL) dispersants. Interaction of the nitrogenous
cation with the quadrupole moment of the aromatic surface provided for strong noncovalent interactions which can be used as an alternative mechanism for adsorption. A
library of PIB-IL dispersants was prepared through the quaternization of aromatic amines
and metathesis of counterions. The characteristics of PIB-IL micellization (Nagg, CMC,
Mmicelle, Rh) were heavily influenced by anion hydrophobicity whereas PIB-IL adsorption
to carbon black was dictated by the molar volume of the cation.
The fourth project, which was of an alternative focus, investigated Diels-Alder
crosslinked PIB networks which were prepared from multifunctional PIB-Furan and PIBMaleimide macromers utilizing the acid catalyzed cleavage/alkylation of butyl rubber.
Thermal stability, including decomposition temperature and retro Diels-Alder
temperatures (TRDA) were independent of macromer choice however the viscoelastic
properties were heavily influenced. Recyclability was demonstrated by remolding and
recasting of destroyed networks at elevated temperatures and a slight hysteresis in
mechanical properties was observed as compared to original networks.
ii
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CHAPTER I – INTRODUCTION
1.1 Introduction
The focus of this dissertation is on the synthesis, characterization, and evaluation
of polyisobutylene-based additives to be used as dispersants for soot in lubricating oils in
internal combustion engines (Figure 1.1). The first part of this chapter introduces the
composition of lubricating oils and additives commonly found in lubricating oils as well
as a review on the preparation of dispersants, their mode of stabilizing carbonaceous
nanoparticles, and the shortcomings of current dispersants. The second part of this
chapter details mechanistic considerations of living cationic polymerizations, the
chemistries and functionalization of polyisobutylene, and the preparation of
multifunctional polyisobutylene. Lastly, the third part of this chapter focuses on the
types of interactions that occur with aromatic π-systems, specifically π-π and cation-π
interactions.

Figure 1.1 Prevention of soot aggregation in lubricating oils by adsorption and
stabilization with dispersants.
1.2 Lubricating Oils and Dispersants
Lubricating oils, necessary for the operation of internal combustion engines
within passenger vehicles, motorcycles, locomotives, and marine vessels, are a
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multicomponent formulation comprised of base fluids and chemical additives. Base oil
comprises the bulk of the formulation and is composed of either low molecular weight
hydrocarbons (paraffins, olefins, and napthenes) recovered from the refinery of crude oil
or fully synthetic poly-α-olefins (PAO), which are typically oligomerized 1-decene
produced via free-radical, Ziegler-Natta, or Friedel-Crafts oligomerization.1 Base oil
provides hydrodynamic lubrication to solid surfaces sliding, rotating, or passing each
other to limit wear of mechanical parts within an engine (piston, camshaft, flywheel, etc.)
while also providing a mode of heat removal and proper sealing within the engine.
However, chemical additives are needed to impart new properties to the base oil or
enhance existing properties as base oil alone is insufficient in meeting the demands of a
harsh engine environment. Numerous additives are incorporated into lubricating oils
including antioxidants, antiwear agents, detergents, pour point depressants, viscosity
index improvers, antifoaming agents, friction modifiers, pressure additives, and
dispersants, and the overall formulation of a lubricating oil is considered a delicate
balancing act between the interactions of all additives.2 The type and concentration of
additives used in a formulation may vary widely depending on the specific application;
however a typical formulation of a lubricating oil for passenger vehicles is shown in
Table 1.1.3
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Table 1.1
Typical Composition of Lubricating Oil for Passenger Vehicles
Function
Component
Concentration (wt. %)
Base Oil
Lubrication
75-95
(mineral/synthetic)
Viscosity Index Improver
0-6
Control Friction/Wear

Maintain Cleanliness
Maintain Fluid
Properties

Antiwear Agent

0.5-2

Friction Modifier

0-2

Corrosion Inhibitor

0-1

Antioxidant

0-1

Dispersant

1-10

Detergent

2-8

Pour Point Depressant

0-0.5

Antifoam Additive

0.001

Additives in lubricating oil are designed to perform various functions including,
but not limited to, maintaining proper viscosity of the oil at varying temperatures,
preventing oxidation of the base oil or corrosion of metallic engine parts, and minimizing
the occurrence of friction and wear.2 Although all functions are important, the overall
“cleanliness” of the oil is of utmost importance to the lifetime of the lubricating oil, and
maintaining cleanliness is accomplished by the suspension of insoluble contaminants and
the neutralization of harsh acidic by-products. Dispersants and detergents, used in
lubricating oils since their inception in the 1940s and 1950s respectively, are the most
prevalent additive types and provide the mechanisms for cleaning of the oil.4 Detergents
and dispersants have similar amphiphilic structures, in which a long hydrocarbon tail,
which provides oil solubility, is connected to a polar moiety.
Although detergent molecules do suspend oil-insoluble combustion by-products
such as sludge, soot, and varnish, the key role of the detergent molecule is to provide
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basicity to the lubricating oil for the neutralization of corrosive, acidic by-products
generated during combustion.2,5 The polar moieties of detergent molecules are typically
metal salts of organic acids and are comprised of a charged headgroup (sulfonate,
carboxylate, phenate) associated with a metal counterion (Na, Mg, Ca).5 The capacity of
a detergent to neutralize acid is described by its total base number (TBN), which is a
measure of the quantity of acid that can be neutralized per gram of additive and is
expressed in the equivalent number of milligrams of potassium hydroxide.2 Although
many characteristics of a used lubricating oil should be considered, a general rule of
thumb is to replace a lubricating oil once the TBN has dropped below 50% of its original
value.6
Conversely, the primary role of dispersants, which will be the focus of this
dissertation, is to reduce and prevent the aggregation of insoluble carbonaceous byproducts (soot) formed due to incomplete combustion of fuel or oxidation of the base oil.
At temperatures between 700-2500 °C, unburned hydrocarbons, notably polycyclic
aromatic hydrocarbons (PAHs) and acetylene, are pyrolyzed and oxidized free radically,
ultimately undergoing condensation as fine soot particles with virgin particle sizes of
approximately 50 nm.7,8 Hot exhaust gases from the combustion chamber pass the piston
rings and enter the crankcase where the lubricating oil is contained thus allowing for
deposition of soot in the lubricating oil.2 To exacerbate this , manufacturers employ
exhaust gas recirculation (EGR) which recycles soot-laden exhaust gases back through
the combustion chamber for the purpose of reducing nitrogen oxide emissions.9,10
Once entrained in the nonpolar lubricating oil, soot particles minimize surface
area exposure and undergo aggregation that is induced by the polar groups (acids,
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lactones, alcohols, ketones) on the oxidized surface of the particles. Aggregation of soot
particles presents serious performance issues in the form of oil thickening and increased
viscosity, thus retarding and/or inhibiting the flow of oil. In turn, this leads to poor oil
circulation and reduced lubricant film formation resulting in increased mechanical
wear.2,4 In addition, wear of metal components due to particle abrasion and deposit
formation once aggregates reach ~1 μm in size are serious issues in soot-laden lubricating
oils.2,11,12
Ashless dispersants, so named because no ash or insoluble solids remain after
thermal decomposition, are characterized by a long, hydrophobic tail and a polar moiety
composed of a connecting group and a polyamine or polyether group, as shown in Figure
1.2.2,4

Figure 1.2 General representation of an ashless dispersant for lubricating oils.
Ashless dispersants are typically of two types: alkylated phenols, which readily
react with formaldehyde and a polyamine to generate a Mannich dispersant, and alkyl
succinic anhydrides, which react with polyamines to form alkyl succinimde dispersants,
with the most prevalent being polyisobutylene succinimide (PIBSI).2 PIBSI dispersants
were initially developed in the late 1960s by Le Suer13 of the Lubrizol Corporation and
Stuart14 of the Chevron Research Company. The long, hydrocarbon tail of ashless
dispersants is typically polyisobutylene (PIB), a fully saturated hydrocarbon polymer,
5

that has a molecular weight between 500-3000 g·mol-1.2,4 Key characteristics necessary
of the hydrocarbon tail include thermal and oxidative stability so as to prevent the
decomposition of the dispersant itself and good low-temperature properties so as to not
interfere with lubricant circulation.2
The current method for the synthesis of PIBSI dispersants begins with the
preparation of polyisobutylene (PIB) with an olefinic end group through the acidcatalyzed (AlCl3 or BF3 or BF3 complexes) polymerization of isobutylene.4,15 AlCl3
catalyst yields PIB consisting of a complex mixture of terminal olefin types, including
high fractions of low reactivity tri- and tetrasubstituted olefins.15-18 BF3-based catalysts
yield high-reactivity (HR) PIBs that possess high fractions of methyl vinylidene (exoolefin) end groups and are favored because of their higher reactivity in subsequent
functionalization reactions.19 Development of new catalysts and catalyst complexes and
more cost-effective processes for the production of HR PIB are currently an active area of
research.20-25 Formation of polyisobutylene succinic anhydride (PIBSA) is accomplished
by reaction of exo-olefin-terminated PIB with maleic anhydride, which occurs by either a
chlorine-mediated Diels-Alder reaction (traditional PIB derived from AlCl3 catalyst) or a
thermal Alder-ene reaction at temperatures greater than 200C.2,4 Imidization of PIBSA
with heavy polyamines, such as triethylenetetramine and tetraethylenepentamine, is then
carried out with the removal of water by-product to form the PIBSI dispersant. Synthesis
of PIBSI dispersant using the thermal Alder-ene route from BF3-sourced PIB is shown in
Scheme 1.1. The architecture of PIBSI dispersants can be altered by adjusting the ratio
of PIBSA:polyamine. Reaction of a 1:1 mixture of PIBSA:polyamine yields
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monofunctional PIBSI (mono-PIBSI) while reaction mixtures of 2:1 and 3:1 of
PIBSA:polyamine yields bis-PIBSI and tris-PIBSI.

Scheme 1.1 Synthetic scheme towards PIBSI dispersants from HR-PIB.
The amines of the polar moiety adsorb onto the surface of soot particles by
various mechanisms including dipole-dipole interactions, - stacking, and covalent
acid-base reactions. Adsorbed PIBSI dispersants hinder soot particle aggregation in
lubricating oils via two mechanisms: steric and electrostatic stabilization.2,4,26 As soot
particles with an adsorbed layer of PIBSI dispersant approach each other, the PIB chains
begin to interdigitate and compress, resulting in a loss of conformational and translational
freedom and an overall decrease in entropy of the system. Additionally, base oil
(solvent) is squeezed from the interdigitated chains leading to a local solvent
concentration imbalance which is counteracted by osmotic pressure forcing solvent back
between the particles.27 The change in Gibbs free energy of the overlapping regime is
given by Equation 1.1,
∆𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆

(1.1)

where 𝛥𝐻 and 𝛥𝑆 are the changes in enthalpy and entropy, respectively. If ∆𝐺 is
negative in value, coalescence of the particles occurs; whereas if the value is positive,
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then stabilization occurs. A well-solvated polymer chain is a key requirement to steric
stabilization so as to maximize the size of the polymer coil and maximize the number of
solvent molecules surrounding the polymer chain. Electrostatic stabilization occurs
through reaction of acidic sites on the soot surface with the basic amines of the
dispersant, thereby forming negatively charged soot particles that are repelled from one
another.2,26,28 In the case of PIBSI dispersants, steric stabilization is presumed to be the
predominant mechanism.
Primary, secondary, and tertiary amines of PIBSI dispersants are weakly basic
and minimally contribute to the overall TBN of the lubricating oil formulation; however
the amines are basic enough to cause incompatibility issues with Viton® fluoroelastomer
seals which are vital to the integrity of the engine. Fluoroelastomer seals are typically
derived from copolymers of fluorinated ethylenes, the most important of which is
vinylidene difluoride. They exhibit superior thermal and oxidative stabilities, yet are
sensitive to dehydrofluorination from PIBSI dispersants.29 As shown in Scheme 1.2, the
resulting unsaturations from dehydrofluorination are susceptible to thermal oxidation or
reaction with nucleophilic (primary and secondary) amines of PIBSI dispersants, leading
to additional crosslinking of the fluoroelastomer and resulting in seal embrittlement,
increased rigidity, loss of elongation, and potentially seal failure. In addition,
nucleophilic amines of PIBSI dispersants have been implicated in the corrosion of copper
and lead metals used within engines due to dispersant complexation with specific
antiwear additives and corrosion inhibitors, which inhibits their function.2,4,30 The
nucleophilic amines of PIBSI dispersants can be modified by post-treatment with boric
acid,31 epoxides,32 alkenyl cyanides,33 substituted carboxylic acids,34,35 and
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carbonates.36,37 to improve compatibility with seals and metals; however this in turn
reduces the efficacy of the dispersant to adsorb to the soot particles.31 With the above
points taken as a whole, it is critical to achieve a balance among dispersant basicity,
seal/metal compatibility, and dispersant effectiveness in order to meet the various
requirements for a lubricating oil.

Scheme 1.2 Dehydrofluorination of fluoroelastomer seals and subsequent crosslinking
with nucleophilic amines present in PIBSI dispersants.
1.3 Living Polymerizations
The focus of this dissertation is on polyisobutylene-derived dispersants, and as
such, a detailed discussion on living cationic polymerizations and the functionalization of
polyisobutylene is warranted. A major advancement for the polymer chemistry
community was the development of living polymerizations, which are defined as chain
growth polymerizations that lack inherent chain termination and chain transfer reactions.
In the absence of chain transfer, and if quantitative initiation is attained prior to
appreciable monomer conversion, then the degree of polymerization will increase linearly
with monomer conversion.38 In the absence of termination, and if quantitative initiation
is attained prior to appreciable monomer conversion, then a semi-logarithmic first-order
kinetic plot, i.e., ln([M]o/[M]) vs. time, will be linear and pass through the origin. Living
9

polymerizations defined by the lack of chain transfer or chain termination events, coupled
with a rate of initiation similar to or faster than the rate of propagation and an absence of
significant depolymerization, have enabled the synthesis of sophisticated macromolecules
with very narrow molecular weight distributions.
Anionic polymerization was the first class of living polymerization to be
recognized, in 1928, when Ziegler observed the first living anionic polymerization of
butadiene in the presence of sodium metal; whereupon he observed proportional
increases in molecular weight upon sequential additions of butadiene monomer in
situ.39,40 Szwarc and coworkers expanded upon this work, and in 1956, unambiguously
demonstrated the mechanism of living anionic polymerization with styrene.41,42 Utilizing
a sodium napthalenide initiator and tetrahydrofuran solvent, Szwarc polymerized styrene
monomer to full conversion and verified that styryl anions remained intact and active for
further polymerization by resumption of propagation with the addition of fresh styrene
monomer.41
With respect to cationic polymerizations, it was not until 1934 when Whitmore
first proposed the concept of an ionic intermediate to account for the polymerization of
isobutylene in the presence of protic acids, which at the time was in contrast to the
alternative radical mechanism.43 Whitmore established the concept of cationic
polymerization in 1940 when he showed that both free-radical and cationic chain-growth
mechanisms were possible, by demonstrating the polymerization of styrene by two
distinct methods: the decomposition of benzoyl peroxide (free-radical) and initiation by
SnCl4 (cationic).44 Although by 1950 the mechanisms for initiation and propagation of
free-radical, anionic, and cationic polymerizations had been established, the development
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of living cationic polymerization lagged behind, and the feasibility of living cationic
polymerizations was openly questioned in the academic community.45,46 This period of
slow development of cationic polymerizations, plagued by polymers with broad PDIs and
uncontrolled molecular weights, is attributed to the distinct differences in the stability of
carbocations as compared to carbanions.
Comparing trivalent carbon species, carbanions, carbon-centered radicals, and
carbenium ions, carbanions are relatively stable due to possession of a complete octet
with a full valence shell of 8 electrons. Radicals contain one-unpaired electron and thus
an incomplete octet, and although more reactive than carbanions, enjoy a small measure
of stability by virtue of being neutral. In comparison, carbocations possess an incomplete
octet with only 6 valence electrons and a positive charge, giving rise to an inherent
instability which lends carbocations to be highly reactive and more prone to chaintransfer and chain-termination side-reactions such as rearrangement, β-hydrogen
abstraction, and chain-transfer to monomer. For comparison, the lifetime of carbocations
is extremely short, on the order of a few seconds, due to their high reactivity whereas the
lifetime of carbanions may be on the order of years.47 With such highly reactive chainends, an understanding of how to control the reactivity of the carbocation and minimize
the occurrence of side reactions was needed.
The propagating chain ends in an ionic polymerization (cationic or anionic) may
exist as several distinct species, in equilibrium with one another, with the positions of the
various equilibria being highly sensitive to reaction conditions including solvent polarity,
temperature, and ion characteristics (size, nucleophilicity, etc.). These various equilibria
are collectively referred to as the “spectrum of ionicities” or Winstein spectrum, which is
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shown in Figure 1.3 for the case of a cationic polymerization. Shown in the figure are a
polar covalent species, contact ion pair, solvent-separated ion pair, and free ions.48
Although the solvent-separated ion pair, which has been reported to exist in anionic
polymerization, is shown to theoretically exist for cationic polymerizations, in practice,
the counteranions tend to be too large to support such structures.

Figure 1.3 Winstein spectrum of ionicities for cationic chain-ends.
Solvent polarity has a significant effect on the ionicity of cationic chain-ends
whereby an increase in solvent polarity is accompanied by a rightward shift along the
Winstein spectrum towards more ‘open’ ion pairs (less shielded cations) and thus higher
reactivity and a greater likelihood of chain termination reactions. Higashimura and
coworkers identified this solvent polarity dependence of cationic polymerizations in 1975
during the polymerization of styrene at 0 oC in systems of varying polarity, whereby
polystyrene with a bimodal molecular weight distribution was observed. It was argued
that at greater solvent polarities (methylene chloride), the ionicity of the styryl chain ends
shifted towards more ‘open’ ions allowing for the uncontrolled addition of styrene
monomer and the appearance of the high molecular weight peak; whereas the lower
molecular weight peak was attributed to chains-ends of more ‘closed’ character (contact
ion pair or covalent).49,50 Decreasing the solvent polarity by the addition of benzene
resulted in an increase in the intensity of the low molecular weight fraction and a
decrease in the high molecular fraction.
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Temperature is another key factor in cationic polymerizations due in part to the
unique characteristic of the activation energy for initiation and propagation. The overall
activation energy for the rate of polymerization (𝐸𝑟 ) is a composite of the activation
energies for initiation (𝐸𝑖 ), propagation (𝐸𝑝 ), and termination (𝐸𝑡 ) as shown in Eq. 1.2:
𝐸𝑟 = 𝐸𝑖 + 𝐸𝑝 − 𝐸𝑡

(1.2)

For cationic systems, the activation energies for initiation and propagation combined are
sometimes lower than that for either chain-transfer or termination.51 This leads to a
unique phenomenon for many cationic polymerizations, and especially for olefins such as
isobutylene and styrene, whereby the activation energy for polymerization is apparently
negative and an increase in the rate of polymerization is observed with decreasing
temperature as side-reactions are essentially ‘frozen’ out.52 For example, 𝐸𝑟 for a styrene
polymerization in methylene chloride solvent utilizing a TiCl4·H2O initiation system is 35.5 kJ·mol-1.53 In addition, increasing the temperature of cationic polymerizations is
associated with a shift towards more ‘closed’ chain-end ionicities.
Characteristics of the Lewis acid, namely Lewis acidity, greatly affect the ionicity
of the chain end as well. Nucleophilic counterions (F-, Cl-, Br-), arising from the use of
weak Lewis acids, result in collapse of the counterion to the chain end and yield a simple
addition product rather than a polymerizable species. In a similar manner, if the
counterion is too nucleophilic, reionization of the chain-end becomes difficult leading to
slow rates of propagation and broad molecular weight distributions. In contrast, strong
Lewis acids, such as AlCl3, provide for less nucleophilic counterions leading to a shift in
the Winstein spectrum to free ions, and in turn, faster rates of polymerization and a lower
degree of control. Large counteranions such as Ti2Cl9- or AlCl4- are unable to closely
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associate with the carbocation due to large ionic radii.52 As such, the difference in
reactivity between free ions and ion pairs for cationic polymerization is minimal as the
Coulombic force, proportional to 1/r2, decreases rapidly at increasing radii. This is unlike
the countercations in anionic polymerizations (Li+, Na+) which can be approximated as
point charges due to small ionic radii and have a significant effect on the difference in
reactivity of free ions or ion pairs.54
Given the inherent instability of carbenium ions, coupled with the tendency of
initial researchers to utilize overly aggressive reaction conditions that favored
dissociated, free ions, e.g. strong Lewis acids, polar solvents, etc., it is no surprise that the
first truly living cationic polymerization did not occur until nearly twenty years after
Szwarc’s reports of living anionic polymerization. Thus in 1977, Higashimura.55
polymerized p-methoxystyrene in a relatively non-polar solvent, carbon tetrachloride,
using I2 as an initiator, whereupon a linear increase in molecular weight as a function of
monomer conversion and narrow molecular weight distribution were observed.55
Additional portions of p-methoxystyrene provided for a corresponding increase in
molecular weight. Utilizing a more polar solvent, methylene chloride, under similar
conditions, resulted in an uncontrolled polymerization producing a broad molecular
weight distribution. These experiments represented a crucial step toward living
carbocationic polymerizations, as the importance of the equilibrium between dormant and
active chain-ends was finally realized. Further breakthrough from Higashimura et al.
came in 1984 with the reported living polymerization of vinyl ethers utilizing an HI/I2
initiating system.56 With a decrease in temperature (-5 to -35 °C ), predictable molecular
weights and narrow PDI’s of the resulting polymers were obtained in addition to linear
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monomer conversion-molecular weight trends and a linear increase in molecular weight
with additional of extra monomer.57
Although not a truly living polymerization, since not all chain-ends are active at
one time, this new class reversible-deactivation or “quasiliving” polymerizations
(Scheme 1.3) took advantage of reversible termination reactions at the chain-end to limit
irreversible chain-transfer or chain-termination.58 The hallmark of quasiliving
polymerizations is the establishment of an equilibrium whereby a large fraction of chainends exists in a dormant state, which is inactive in propagation, while a minute fraction
exists in a state that is active in propagation. The equilibrium is dynamic, moreover, such
that the rates of the forward and reverse reactions of the equilibrium are high. This
results in a very short lifetime of the active state, such that the chains experience a short
period of propagation followed by a long period of dormancy. The longer the lifetime of
the active state, the higher is the average number of monomer units added to a chain end
per ionization-termination cycle, known as the run number (RN).59 Higher RNs lead to
broader molecular weight distributions. Polymerizations with lower RNs (5-10) exhibit
greater control and more narrow molecular weight distribution; however as the RN is
related to the rate of the polymerization, too low of an RN leads to prolonged
polymerizations.59 Lewis acid60 and solvent choice61, monomer starvation,62,63 and the
incorporation of common-ion salts64-66 are all techniques to promote quasiliving
conditions.
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Scheme 1.3 “Quasiliving” cationic polymerization of isobutylene
Understanding of the proper conditions necessary to achieve quasiliving
polymerization has resulted in controlled cationic polymerizations of an array of
monomers including ethers,67 styrenics,68,69 and olefins,70 most notably isobutylene.71
Isobutylene is a C4 olefin which is capable of polymerization only by cationic
polymerization. As noted in the previous section, polyisobutylene is the preferred
hydrocarbon tail in dispersants for lubricating oils; in addition, it is broadly employed in
the fields of sealants, adhesives, and rubber. As such, the functionalization and
modification of polyisobutylene has garnered significant attention in the past few
decades.
1.4 Chemistry of Polyisobutylene
Polyisobutylene (PIB) is a fully saturated, aliphatic hydrocarbon polymer derived
from the cationic polymerization of isobutylene and is characterized by advantageous
properties such as low gas permeability, good damping characteristics, and excellent
thermal, oxidative, and chemical resistance. To take advantage of these characteristics,
specifically for commercial uses such as dispersants, adhesives, or sealants, postpolymerization modification reactions are employed. For industrial PIBs, particularly
those of low molecular weight, exo-olefin end-groups are desired due to their high
reactivities in post-polymerization modification reactions such as the Alder-ene addition
of maleic anhydride. Commercial PIBs are typically derived from BF3/alcohol-catalyzed
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chain-transfer dominated polymerizations that are marked by 70-90% exo-olefin chain
ends.72,73 With its synthetic usefulness, the formation of exo-olefin PIB with nearquantitative chain-end functionality has been of particular interest of the past several
decades.
To create exo-olefin end groups in PIBs created using controlled/living processes
(no chain transfer), an early technique consisted of E2 elimination of tert-chloride
functionalized PIB with bulky bases such as tBuOK; however this approach was timeconsuming (20 h) and was later shown to lead to the formation of a small fraction of
endo-olefin.74 To compensate for these shortcomings, a number of in situ reactions,
which are conducted upon complete consumption of monomer during a quasiliving
polymerization, have been explored. The addition of small molecules (“quenching
agents”) which directly add to or react with the chain-end have been explored. Although
conceptually simple, the employment of quenching agents must meet strict criteria to
ensure success. Soft π-nucleophiles are typically preferred, as hard σ-nucleophiles are
notorious for complexation with the Lewis acid, resulting in ion collapse and the
formation of tert-chloride termini. In addition, the nucleophilic addition of the quenching
agent must proceed in a kinetically reasonable timeframe so as to not promote chaintransfer or chain-termination reactions of the lingering carbocation.
Preparation of exo-olefin PIB via quenching typically involves addition of a small
molecule to quasiliving PIB chain-ends and subsequent decomposition of the resulting
adduct to yield exo-olefin PIB. In particular, mono- and disulfides75,76 have been
demonstrated to yield sulfonium ion adducts at the PIB chain end that readily decompose
upon the addition of 2,6-di-tert-butylpyridine to yield exo-olefin PIB. Alkyl ethers77,
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such as diisopropyl or di-sec-butyl ether, or alkoxysilanes78, such as methoxy- or
allyloxytrimethyl silane, react to yield oxonium ions at the PIB chain end, which
decompose to exo-olefin upon the addition of methanol. In addition, hindered amines
have been demonstrated to be excellent substrates for the preparation of exo-olefin PIB
via β-hydrogen elimination reaction at the PIB chain-end.79,80 Although a portion of the
amine does complex with the Lewis acid, a small fraction remains which is capable of
undergoing regiospecific elimination at the carbenium chain-end due to its bulkiness.
Nucleophilic addition to a BCl3-catalyzed cationic isobutylene polymerization
was initially demonstrated by Wilczek and Kennedy, who found that quantitative allylterminated PIB could be obtained by the addition of 1-3 fold molar excess of
allyltrimethylsilane along with a catalytic amount of TiCl4, after essentially complete
monomer consumption.81 Faust explored the use of non-polymerizable olefins (1,1diphenylethylene and 1,1-ditolylethylene) for the synthesis of block copolymers which
undergo a single addition to the PIB chain-end to produce 100% cationic chain ends due
to high stability conferred by resonance stabilization.82,83 Analogous exo-olefin PIB was
obtained by Nielsen with the addition of methallyltrimethylsilane; however incomplete
conversion and chain-coupling was observed.84
Of particular interest to researchers is the preparation of halogen-terminated PIBs
from which a wide-array of post-polymerization reactions can be performed. Knoll
demonstrated the use of butadiene as an in situ quenching agent to obtain allyl-chloride
terminated polyisobutylene due to immediate ion-pair collapse upon addition of 1,3butadiene. This work was expanded upon by Faust to yield solely trans 1,4-addition of a
single butadiene molecule.85,86 Acrylate, epoxide, and vinyl-ether functionalities could
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then incorporated at the PIB chain-end by nucleophilic substitution of the chloroallyl
group.87 Aromatic heterocycles, namely thiophene, pyrroles, and furans, are also capable
of addition to the PIB carbocation. Storey and coworkers demonstrated the alkylation of
N-methylpyrrole with living polyisobutylene, whereupon a near 1:1 mixture of 2-PIB-Nmethylpyrrole and 3-PIB-N-methylpyrrole was obtained.88 This work was subsequently
expanded to include N-(ω-haloalkyl)pyrroles as a method to introduce primary halide
functionality.89 In addition to N-substituted pyrroles, the alkylation of thiophene and
furan derivatives has been exploited for the preparation of block copolymers.90,91
Perhaps the most versatile class of quenching agents are the alkoxybenzenes,
which, like the aromatic heterocycles discussed above, are alkylated by living PIB in a
controlled fashion by a Friedel-Crafts-type mechanism. Morgan and Storey
demonstrated the installation of chloride and bromide functionalities at the chain-end of
polyisobutylene, which could subsequently be transformed into vinyl-ether and hydroxyl
moieties, respectively, through simple, post-polymerization modification reactions.92
Alkylation of the alkoxybenzene occurs solely at the para position with no traces of
ortho/meta addition or multiple alkylations. A wealth of other functionalities have also
been introduced, either by simple post-polymerization modification or by pre-installation
of the functional group onto the alkoxybenzene pre-quench, including amine,92
hydroxyl,92 alkyne,92methacrylate,93 and thiol.94 Specifically, the derivatization of
bromide-terminated polyisobutylene provides an excellent starting point to incorporate
PIB into advanced applications.
More recently, Campbell and coworkers have leveraged the use of
alkoxybenzenes, specifically 3-bromopropxybenzene, for the preparation of
19

multifunctional PIB homopolymers through the Lewis-acid catalyzed
“cleavage/alkylation” of poly(isobutylene-co-isoprene) copolymer, also known as butyl
rubber.95 Functional polyisobutylene oligomers are produced under conditions designed
to promote backbone cleavage and subsequent alkylation with an alkoxybenzene. This
allows for the incorporation of labile bromide-functionality along the PIB backbone in
addition to significant reduction in molecular weight of the butyl rubber. Other methods
to multifunctional PIBs include multifunctional initiators, ozonolysis of butyl rubber, and
cross-methathesis of butyl rubber; however these processes suffer from laborious initiator
syntheses,96,97 cumbersome reaction conditions,98 and expensive organometallic
catalysts,99 respectively. Via the cleavage/alkylation process, Parada and coworkers
substituted 2,6-di tert-butylphenol for an alkoxybenzene to incorporate antioxidant
moieties along the PIB backbone; as a result, they observed a dramatic increase in the
thermal stability and oxidation-resistance of the PIB.100 With the advent of constructive
degradation and the utilization of alkoxybenzenes, the investigation of grafted PIB
structures, which have been minimally investigated to date, is now readily accessible.
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Scheme 1.4 “Cleavage/alkylation” of butyl rubber in the presence of an alkoxybenzene
for the preparation of grafted PIB with labile bromide groups.
1.5 Cation-π and π-π Interactions
A vast majority of literature directed toward the dispersion of carbon black in
non-polar media involve PIBSI-type dispersants, and as referenced in the previous
section, adsorption of PIBSI dispersants onto carbon black occurs predominantly through
either acid-base or dipole-dipole interactions. However, the polyaromatic hydrocarbon
structure of carbon black is perfectly suited towards alternative non-covalent interactions,
namely that of π-π stacking, but also cation-π interactions, which have yet to be
investigated with regard to dispersion. Both π-π stacking and cation-π interactions are
electrostatic interactions that are facilitated by the large, permanent quadrupole moment
of aromatic rings.101 The quadrupole moment is a consequence of the π-bonding system
and the six local bond dipoles generated from the sp2 C being more electronegative than
the orthogonal H.102,103 An aromatic ring does not carry a net dipole; however the
quadrupole moment can be thought of as two dipoles aligned opposite one another and is
topologically similar to that of a dz2 orbital.102 In this sense, there is a permanent, nonspherical distribution of electronegativity above and below the aromatic plane and a
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permanent region of electropositivity centered around the plane of the aromatic ring
(Figure 1.4).

Figure 1.4 Representations of the quadrupole moment found in aromatic systems and the
π-π and cation-π interactions that occur.
For interaction between aromatic systems, direct stacking of aromatic rings, as the
term π-π stacking may imply, is actually an adverse geometry and leads to electrostatic
repulsion. Alternatively, “T-shaped” or “parallel displaced” geometries are favorable, as
these place a region of positive electrostatic potential (the edge) of one aromatic system
in contact with a region of negative electrostatic potential (the face) of another aromatic
system. These two geometries are nearly isoenergetic since the binding energy (ΔH) of
the T-shaped geometry is 2.7 kcal·mol-1, while the parallel displaced geometry is 2.8
kcal·mol-1.104 Barba-López and coworkers tentatively investigated utilization of π-π
stacking with aromatic PIBSI dispersants; however a systematic study with regards to the
size of the aromatic ring and its effect on dispersant adsorption was not conducted.105
The cation-π interaction operates in a similar manner to that of π-π stacking
whereby a cationic species binds to the region of negative electrostatic potential
associated with the aromatic quadrupole. Cation-π interaction energies can quite
substantive and Kebarle and coworkers demonstrated that the binding energy of an ion
such as K+ with benzene was 19 kcal·mol-1, which was stronger than that of K+ with
water (18 kcal·mol-1).106 Studies utilizing spherical metal cations have shown that the
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binding energy typically scales with the radius of the ion whereby cations of smaller radii
and higher charge densities (e.g. Li+ or Na+) exhibit greater binding energies.107 This is
due to a 1/r2 dependence of the Coulombic interaction, whereby smaller cations can
approach and interact with the quadrupole more readily.108 Nitrogenous cations,
(isoquinolinium, pyridinium, imidazolium), which are commonly found in ionic liquids,
have been shown to also interact with aromatic substrates through cation-π
interactions.109,110 Although these nitrogenous cations have been affixed to
polyisobutylene chain-ends,111-113 the utilization of these moieties as a mode of noncovalent interaction for carbon black dispersion has yet to be utilized or studied.
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CHAPTER II – SYNTHESIS OF COMB-LIKE DISPERSANTS AND A STUDY ON
THE EFFECT OF DISPERSANT ARCHITECTURE AND CARBON BLACK
DISPERSION

Previously Published As: Holbrook, T.P.; Masson, G.M.; Storey, R.F. Synthesis,
Characterization, and Evaluation of Polyisobutylene-Based Imido-Amine-Type
Dispersants Containing Exclusively Non-Nucleophilic Nitrogen. J Polym. Sci. Part A
Polym. Chem. 2018, 56, 1657-1675.

2.1 Abstract
Comb dispersants suitable for stabilization of carbonaceous deposits found in
automotive lubricating oils were derived from the copolymerization of vinyl-ether
terminated polyisobutylene macromonomers (VE-PIB) with maleic anhydride. The rate
and degree of copolymerization of VE-PIB with maleic anhydride was greatly influenced
by the molecular weight of the VE-PIB. Longer PIB tails imposed greater hindrance of
the chain end resulting in slower propagation and lower degrees of copolymerization for
polyisobutylene-alt-maleic anhydride (PIB-alt-MAH) copolymers. Functionalization of
PIB-alt-MAH with a polyamine proceeded smoothly at elevated temperatures as
evidenced by disappearance of anhydride stretches via FTIR spectroscopy. Analogous
linear and grafted dispersants were prepared to investigate the influence of architecture
on the physical properties of the dispersants. Characterization of the intermediates and
final dispersants was conducted by NMR, GPC, TGA and UV-VIS. Using Langmuir
adsorption studies and carbon black as a substitute for carbonaceous deposits, it was
32

found that comb and grafted dispersants exhibit greater affinities for adsorption but
decreased packing efficiencies in comparison to linear dispersants. Rheological studies
investigating viscosity as a function of loading for dispersant/oil mixtures with carbon
black present a similar finding.
2.2 Introduction
Several important industrial applications make use of dispersants to prevent
nanoparticle aggregation in non-aqueous fluids. These include the dispersion and/or
stabilization of inorganic nanoparticles, organic pigments,1 electrophoretic inks,2 carbon
nanotubes,3 and carbonaceous deposits.4,5 Recently, the effect of dispersant architecture
for both aqueous and non-aqueous applications has garnered increasing interest,1,6-8
especially with regard to preventing changes in particle-particle interactions, which can
greatly influence rheological properties. An application of particular interest is the
stabilization of carbonaceous particles, i.e. soot, in lubricating automotive oils. Soot is a
polyaromatic hydrocarbon formed at elevated temperatures from the incomplete
combustion of fuel, and it is carried into engine oil via blow-by past the piston rings.
Primary soot particles will aggregate to form large agglomerates, which can inhibit the
flow of oil and significantly increase the viscosity and decrease the lubricating
performance of the oil.9 Dispersants adsorb onto the surface of the soot and prevent
aggregation by steric and electrostatic stabilization.10 A traditional dispersant type is
polyisobutylene succinimide (PIBSI) which is composed of a polar polyamine group for
adsorption onto the surface of the soot and a polyisobutylene (PIB) tail, which provides
for solubility and steric stabilization of the adsorbed dispersant.
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Dispersants for automotive oils are typically of two types: Mannich dispersants,
which are synthesized by the reaction of alkylated phenols with formaldehyde and a
polyamine, and polyisobutylene succinimide (PIBSI) dispersants, which are prepared by
the reaction of alkyl succinic anhydrides with a polyamine.10 Traditional PIBSI
dispersants possess a linear architecture, either di-block (A-B) or tri-block (A-B-A), and
are composed of a PIB tail (A) and a polar polyamine group (B).10 Polyisobutylene
succinic anhydride (PIBSA) may be reacted with a polyamine, such as
tetraethylenepentamine (TEPA), in a 1:1 ratio to form an A-B diblock PIBSI dispersant,
or in a 2:1 ratio to form an A-B-A triblock PIBSI dispersant.10 Grafted dispersants
derived from ethylene-propylene copolymers, polyacrylates, and styrene-maleic
anhydride copolymers are prevalent throughout literature.11-14 Comb (polyPIBSI)
dispersants on the other hand have polyamines tightly packed together, ideally in an
alternating fashion, with PIB tails.15 Although grafted and comb dispersants are typically
of a much greater molecular weight, the greater number of polyamine groups provide
significantly better affinity of the dispersant towards carbon black.
In recent years, there has been growing interest in exploring other PIBSI
dispersant architectures that might provide improved adsorption and soot dispersing
performance. For example, Cox and coworkers have investigated dispersant architectures
including mono, di, and trifunctional architectures containing azacarboxylate, polar head
groups.16 It was found that a difunctional architecture with polar groups at either end of
the PIB chain adsorbed very strongly to a carbonaceous surface with further aggregation
resulting in a multilayer adsorption; however, the azacarboxylate head groups were found
to adsorb to a lower degree as compared to traditional succinimide end-groups. Dubois34

Clochard and coworkers investigated the adsorption of a series of comb (polyPIBSI)
dispersants compared to that of linear diblock PIBSI.8 Here it was found that the
polyPIBSI dispersants displayed greater adsorption onto carbonaceous surfaces and that
stronger adsorption could be attained by changing the polar head groups to contain a
greater number of amines. Adsorption of the dispersants was found to be enthalpically
driven by acid-base interactions of the amines and acidic sites at the surface of the carbon
black. Binding of the dispersants to the carbon black surface was irreversible due to the
multifunctionality of the polyamine; however less nucleophilic amines adsorbed more
weakly and were unable to bind to all available acidic sites.
Herein, we report the synthesis of PIBSI-analog dispersants possessing linear,
comb, and graft architectures (Scheme 2.1). Comb dispersants, defined by alternating
PIB tails and polyamine groups, were prepared by copolymerization of vinyl-ether
terminated PIB macromonomers (VE-PIB) and maleic anhydride. Degree of
polymerization of the copolymers varied inversely with VE-PIB tail length. Shorter PIB
tails afforded greater degrees of polymerization due to reduced steric hinderance of the
propagating chain end, but the copolymers displayed limited solubility and were not
carried forward for amine functionalization. Longer PIB tails provided greater
hydrophobic content for solubilization in non-polar media and were functionalized with a
polyamine to form comb dispersants. In addition, a simple linear and a grafted dispersant
architecture derived from multifunctional PIB, as outlined by Storey and coworkers,17
were prepared. Complete characterization of the PIB intermediates and dispersants was
carried out by NMR, GPC, TGA, and UV-VIS. In combination with a linear dispersant
architecture, the affinity for and adsorption to carbon black of the three dispersant
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architectures was investigated utilizing Langmuir adsorption isotherms generated by UVVIS supernatant depletion assay.

Scheme 2.1 Depiction of the distinct architectural differences of the three studied PIBSIanalog dispersants (linear, grafted, and comb).
2.3 Experimental
2.3.1 Materials
Hexane (anhydrous, 95%), titanium tetrachloride (TiCl4; 99.9%,), 2,6-lutidine
(redistilled, 99.5%), (3-bromopropoxy)benzene (96%), tetrahydrofuran (THF)
(anhydrous, 99.9%), methanol (anhydrous, 99.8%), potassium carbonate (K2CO3; 99%),
dodecane (99%), maleic anhydride (99%), acetone (anhydrous, 99%),
dimethylformamide (99%), toluene (anhydrous) (99%), benzene (anhydrous) (99%), Nphenyl-p-phenylenediamine (NPPDA; 98%), 3-phenoxypropyl bromide (96%), (2chloroethoxy)benzene (98%), potassium tert-butoxide (99%), 2,2′-azobis(2methylpropionitrile) (AIBN; 98%), sulfuric acid (H2SO4, concentrated), methylene
chloride-d2 (CD2Cl2; 99.8%), and chloroform-d (CDCl3) were purchased from SigmaAldrich Co. and used as received. Magnesium sulfate (anhydrous, MgSO4), sodium
bicarbonate (NaHCO3; 99%), boron trichloride (BCl3; 1 M solution in methylene
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chloride), and methylene chloride (CH2Cl2; 99.9%) were purchased and used as received
from Fisher Scientific.
Tetraethylenepentamine (TEPA; 96%) was purchased and used as received from
MP Biomedicals. 2,4,4,6,6-Pentamethyl-1-heptene (triisobutylene) and RLOP 100N base
oil were kindly provided by Chevron Oronite Company LLC. Vulcan XC-72R carbon
black was purchased and used as received from Fuel Cell Store. Isobutylene (IB; 99%)
and methyl chloride (99.5%) (both Gas and Supply Co., Hattiesburg, MS) were dried by
passing the gaseous reagent through a column of CaSO4/molecular sieves/CaCl2 and
condensing within a N2-atmosphere glovebox immediately prior to use. 2-Chloro-2,4,4trimethylpentane (TMPCl) was prepared by bubbling HCl gas through neat 2,4,4trimethyl-1-pentene (99%, Sigma-Aldrich) at 0 oC. The HCl-saturated TMPCl was
stored at 0 oC and, immediately prior to use, was neutralized with NaHCO3, dried over
anhydrous MgSO4, and filtered.
Butyl rubber (EXXON™ Butyl 365) was obtained from ExxonMobil
Corporation, and determined by GPC/MALLS to have a number average molecular
weight (Mn) of 1.91 x 105 g·mol-1 and polydispersity index (PDI) of 1.66. The mole
fraction of isoprene (IP) comonomer units in the copolymer was determined to be 0.0230
(IB units per isoprene unit ≈ 42.5) from 1H NMR data.17
2.3.2 Instrumentation
Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz
Varian Mercuryplus NMR (VNMR 6.1C) spectrometer. Standard 1H pulse sequences
were used. All 1H chemical shifts were referenced to TMS (0 ppm). Samples were
prepared by dissolution in CD2Cl2 (20-50 mg·mL-1) and charging this solution to a 5 mm
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NMR tube. Kinetic analysis of the VE-PIB/maleic anhydride copolymerization was
calculated from the integrated intensity of the terminal vinyl protons of VE-PIB of
aliquots removed from the reactor at various times.
Number-average molecular weights (Mn) and polydispersities (PDI = Mw/Mn)
were determined using a gel-permeation chromatography (GPC) system consisting of a
Waters Alliance 2695 separations module, an online multi-angle laser light scattering
(MALLS) detector fitted with a 20 mW laser operating at 658 nm (miniDAWN TREOS,
Wyatt Technology Inc.), an interferometric refractometer (Optilab rEX, Wyatt
Technology Inc.) operating at 35 oC and 685 nm, and two PLgel (Polymer Laboratories
Inc.) mixed E columns (pore size range 50-103 Å, 3 μm bead size). Freshly distilled THF
served as the mobile phase and was delivered at a flow rate of 1.0 mL·min-1. Sample
concentrations were ca. 5-10 mg of polymer·mL-1 of THF, and the injection volume was
100 μL. The detector signals were simultaneously recorded using ASTRA software
(Wyatt Technology Inc.), and absolute molecular weights were determined by MALLS
using a dn/dc calculated from the refractive index detector response and assuming 100%
mass recovery from the columns.
Real-time ATR-FTIR monitoring of isobutylene polymerizations was performed
using a ReactIR 4000 (Mettler-Toledo) integrated with a N2-atmosphere glovebox
(MBraun Labmaster 130). Isobutylene conversion during polymerization was determined
by monitoring the area, above a two-point baseline, of the absorbance centered at 887 cm1

, associated with the =CH2 wag of isobutylene.
Fourier transform infrared (FTIR) spectroscopy was used to determine the

presence of anhydride functional groups in PIB-alt-MAH copolymers and to monitor
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formation of imide linkages during reaction of copolymers with TEPA or NPPDA. The
copolymers were sampled as a thin film between sodium chloride windows. FTIR
spectra of the dispersants were acquired using a Nicolet 8700 spectrometer and Omnic
software. Spectra were taken with a resolution of 4 cm−1 by accumulating a minimum of
128 scans per run. Nitrogen was constantly purged through the attachment to reduce
interference of CO2 and water. Absorbances at 1860 cm-1 and 1785 cm-1 were indicative
of the presence of anhydride groups. These stretches disappeared upon imidization with
TEPA or NPPDA and were replaced with imide stretches at 1770 cm-1 and 1710 cm-1.
Thermogravimetric analysis (TGA) experiments were performed on a Q500 (TA
Instrument) thermogravimetric analyzer. The furnace atmosphere was defined by a 40
mL·min-1 nitrogen flow. Samples were prepared by loading a platinum sample pan with
10-20 mg of material. The samples were subjected to a temperature ramp of 10 oC·min-1
from 20 oC to 600 oC. The onset and midpoint degradation temperatures were defined as
the temperature at which 5 and 50 % mass loss had occurred, respectively, relative to
sample solids after evolution of residual solvents.
Rheological analysis of RLOP 100N base oil containing carbon black and
dispersant was conducted using an Anton Paar Physica MCR 501 Rheometer with a
couette geometry (CC17 – ISO3219) at a shear rate of 1000 s-1. A temperature sweep
from 25 oC to 70 oC at a ramp rate of 3 oC·min-1 was conducted for each sample to
generate a temperature dependent viscosity profile. Samples of 10 g were prepared by
dilution of a 10 wt% dispersant masterbatch solution to 7.5, 5, 2.5, and 1 wt% with RLOP
100N base oil. Under inert atmosphere to prevent oxidation, a corresponding mass of
carbon black was added to achieve a 2.5 wt% loading. The solutions were sealed and
39

vortexed for 15 min followed by high-speed mixing with the use of a FlackTek
SpeedMixer™ and then left on a continuous rotating mixer overnight to achieve suitable
dispersion of the carbon black. Samples were analyzed immediately after degassing in a
vacuum oven at 50 oC for 30 min.
Dispersant adsorption onto carbon black via supernatant depletion assay was
carried out with the use of a Perkin Elmer Lambda 35 UV/VIS spectrometer. Solutions
ranging from 0.1-25 mg·mL-1 of dispersant were prepared in dodecane followed by the
careful addition of approximately 75 mg of Vulcan XC-72R carbon black. The solutions
were sealed and vortexed for 15 min followed by high-speed mixing with the use of a
FlackTek SpeedMixer™ and then left on a continuous rotating mixer overnight to
achieve suitable dispersion of the carbon black. The samples were centrifuged at 4,000
rpm for 4 h to aid in the sedimentation of the carbon black. The supernatant was then
carefully decanted into an empty vial for analysis. The absorbance appearing at
approximately 286 nm, arising from the aromatic ring incorporated from (2chloroethoxy)benzene or 3-bromopropoxybenzene, was used to quantify the remaining
dispersant concentration in the supernatant after exposure to the carbon black.
2.3.3 Synthesis of Primary Chloride-Terminated Polyisobutylene with a “Long” PIB
Tail Length
Synthetic routes towards each dispersant architecture are depicted in Scheme 2.2.
Primary chloride-terminated PIB homopolymer (PIB-CH2Cl) (“long” PIB tail length) was
synthesized under living cationic polymerization conditions following methods described
by Morgan et al.18 Polymerization of isobutylene, utilizing 2-chloro-2,4,4trimethylpentane (TMPCl) as an initiator, was carried out within a N2-atmosphere
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glovebox, which was equipped with an integral, cryostated heptane bath. To a 2 L 4-neck
round-bottom flask equipped with a mechanical stirrer, ReactIR probe, and
thermocouple, were added sequentially 180 mL of hexane, 269 mL of methyl chloride,
5.22 g (5.97 mL, 35.1 mmol) of TMPCl, and 0.20 mL (0.18 g, 1.7 mmol) of 2,6-lutidine.
The mixture was allowed to equilibrate to −70 oC with stirring, and then 87 mL (61 g, 1.1
mol) of isobutylene was charged to the reactor. Upon re-equilibration to −70 oC with
continuous stirring, polymerization was initiated by the addition of 0.80 mL (1.4 g, 7.3
mmol) of TiCl4. Once full monomer conversion was attained (~ 80 minutes), 19.6 mL
(22.1 g, 0.141 mol) of (2-chloroethoxy)benzene was charged to the reactor, followed
immediately by the addition of 14.6 mL (25.3 g, 0.133 mol) of TiCl4. The quenching
reaction was allowed to take place overnight ( 15 h) upon which the catalyst was
destroyed by addition of excess prechilled methanol. The reaction flask was removed
from the glovebox and warmed to room temperature, and after evaporation of methyl
chloride, the resulting polymer solution was washed with methanol and then precipitated
into methanol. The precipitate was collected by dissolution in fresh hexane; the resulting
solution was washed with DI water, dried over MgSO4, and then vacuum stripped to yield
(2-chloroethoxy)benzene-terminated PIB. The ‘long’ PIB-CH2Cl was characterized as
having a molecular weight of 2,670 g·mol-1 and a PDI of 1.2.
2.3.4 Synthesis of Primary Chloride-Terminated Polyisobutylene with an
“Intermediate” PIB Tail Length
PIB-CH2Cl homopolymer (“intermediate” PIB tail length) was synthesized using
a variation of the above procedure, as follows: To a 1 L 4-neck round-bottom flask were
added sequentially 390 mL of methyl chloride, 21.3 g (24.4 mL, 143 mmol) of TMPCl,
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and 0.20 mL (0.18 g, 1.7 mmol) of 2,6-lutidine. The mixture was allowed to equilibrate
to −50 oC with stirring, and then 131 mL (88.3 g, 1.57 mol) of isobutylene was charged to
the reactor. Upon re-equilibration to −50 oC with continuous stirring, polymerization was
initiated by the addition of 60 mL of 1 M BCl3 (7.0 g, 60 mmol) contained in
dichloromethane. Once full monomer conversion was attained, the BCl3 catalyst was
destroyed by addition of excess prechilled methanol to yield tert-chloride terminated PIB.
This polymer was purified in a manner similar to that used for the long PIB tails as
described above. The purified tert-chloride PIB was then re-introduced into the glovebox
and dissolved in 160 mL of fresh hexane and 235 mL of methyl chloride in a 1 L 4-neck
round-bottom flask. Upon equilibration at −70 oC, with continuous stirring, 35 mL (40 g,
0.25 mol) of (2-chloroethoxy)benzene was charged to the reactor, followed immediately
by the addition of 15 mL (26 g, 0.14 mol) of TiCl4. The quenching reaction was allowed
to take place overnight ( 15 h) upon which the catalyst was destroyed by addition of
excess prechilled methanol. The now primary chloride-terminated PIB was purified in a
manner similar to that described above. The ‘intermediate’ PIB-CH2Cl was characterized
as having a molecular weight of 1,160 g·mol-1 and a PDI of 1.3.
2.3.5 Synthesis of Primary Chloride-Terminated Polyisobutylene with a “Short”
PIB Tail Length
PIB-CH2Cl oligomer (“short” PIB tail length, based on triisobutylene) was
synthesized in the following manner: To a 250 mL round-bottom flask, equipped with
magnetic stirrer, were charged 11.3 g (67.1 mmol) of 2,4,4,6,6-pentamethyl-1-heptene
(triisobutylene), 56 mL of hexane, 84 mL of methylene chloride, and 9.8 mL (11 g, 70
mmol) of (2-chloroethoxy)benzene. The flask was stoppered with a rubber septum,
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magnetically stirred, and chilled to -70 oC upon which 6.5 mL (11 g, 59 mmol) of TiCl4
was injected. The reaction was allowed to take place overnight ( 18 h), after which the
catalyst was destroyed by addition of excess prechilled methanol. Upon removal of
solvent under vacuum, the organic layer containing the primary chloride-terminated
triisobutylene was separated from the inorganic layer (titanium salts). Excess (2chloroethoxy)benzene was then removed by vacuum distillation to yield a clear oil.
2.3.6 Synthesis of Vinyl Ether-Terminated Polyisobutylene (VE-PIB)
PIB-CH2Cl homopolymers were subjected to dehydrohalogenation to form vinyl
ether-terminated PIB (VE-PIB). A general synthesis for VE-PIB from PIB-CH2Cl, as
outlined by Morgan et al.,18 was carried out as follows: To a 0.10 M solution of PIBCH2Cl in a 50/50 (v/v) heptane/DMF cosolvent mixture was charged 6 x [Chain End] of
potassium tert-butoxide. The two-phase reaction mixture was heated, upon which it
became monophasic, and the reaction was further heated at reflux for 3 h. The reaction
mixture was cooled to room temperature, whereupon a biphasic mixture re-formed, and
the heptane and DMF layers were separated. The heptane layer was washed with
deionized water, dried over MgSO4, filtered, and lastly vacuum stripped. For
dehydrohalogenation of primary chloride-terminated triisobutylene, the reaction was
conducted in THF, which was removed under vacuum and replaced with hexane. The
vinyl ether-terminated triisobutylene was then purified by three water washes, dried over
MgSO4, and vacuum stripped. Number average molecular weights of the long and
intermediate VE-PIBs, as determined by GPC, were 2,620 and 1,070 g·mol-1,
respectively, and the GPC traces are shown in Figure A.1 and Figure A.2. The
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theoretical molecular weight of the short VE-PIB, calculated from its chemical structure,
was 288 g·mol-1.
2.3.7 Synthesis of polyisobutylene-alt-maleic anhydride (PIB-alt-MAH) copolymer
A representative copolymerization of VE-PIB with maleic anhydride (Entry 4,
Table 2.1) was conducted as follows: To a 50 mL Schlenk, long-neck round-bottom flask
equipped with a magnetic stirrer and septum were added 7.32 g (2.8 mmol) of 2,620
g·mol-1 VE-PIB followed by 0.66 g (6.7 mmol) of maleic anhydride and 22 mL of
anhydrous toluene. Upon dissolution of the VE-PIB and maleic anhydride, 0.135 g
(0.822 mmol) of AIBN was charged. The solution was subjected to three freeze-pumpthaw cycles to remove oxygen, blanketed under N2, and submerged in an oil bath
thermostated at 75 oC. Aliquots for kinetic analysis were removed at various times using
a needle and syringe, which had been prepared by purging and backfilling with nitrogen.
The syringe plunger was slowly depressed during penetration of the reactor septum to
prevent oxygen contamination. After 24 h, the reaction was quenched in liquid nitrogen
and exposed to oxygen. The PIB-alt-MAH copolymer was then isolated and purified by
repeated precipitations from hexane into anhydrous acetone followed by removal of
excess solvent under vacuum.
2.3.8 Synthesis of Comb Dispersant Functionalized with TEPA (PIB-alt-MAHTEPA)
Imidization with tetraethylenepentamine (TEPA) of the anhydride groups in the
PIB-alt-MAH copolymers was carried out as follows: To a 100 mL, two-neck roundbottom flask equipped with a magnetic stirrer were charged 9.1 mL (9.1 g, 48 mmol) of
TEPA and 30 mL of dodecane. The flask was equipped with a Dean-Stark trap apparatus
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and a septum, blanketed under N2, and heated in an oil bath thermostated at 50 oC. Next,
6.59 g (2.43 meq anhydride) of PIB-alt-MAH copolymer (2,620 g·mol-1 PIB tails)
contained in 20 mL of dodecane was added dropwise by syringe over a 30-min period
after which the temperature was increased to 160 oC. Upon heating, the reaction color
changed from pale yellow to deep blue. After 4 h, the reaction was cooled to room
temperature, and the terpolymer was isolated and purified by repeated precipitations from
hexane into anhydrous acetone followed by removal of excess solvent under vacuum.
Quantitative imidization of the anhydride groups was confirmed by FTIR by the absence
of anhydride stretches at 1860 cm-1 and 1785 cm-1 and the appearance of an imide stretch
at 1770 cm-1 and the appearance of broad stretches between 3300-3500 cm-1, indicative of
amines.
2.3.9 Synthesis of Comb Dispersant Functionalized with NPPDA (PIB-alt-MAHNPPDA)
Imidization with N-phenyl-p-phenylenediamine (NPPDA) of PIB-alt-MAH
copolymers was carried out in two steps, the first in which the amic-acid derivative was
formed and the second in which the imide ring was closed: To a 25 mL, two-neck roundbottom flask equipped with a magnetic stirrer were charged 0.52 g (0.19 meq anhydride)
of PIB-alt-MAH copolymer, 0.18 g (0.98 mmol) of NPPDA, and 10 mL of THF. The
flask was equipped with a condenser, and the contents were refluxed for 2 h to form the
amic-acid derivative. Upon cooling to room temperature, excess THF was vacuum
stripped and replaced with 10 mL of dodecane. A Dean-Stark trap was attached and the
solution was heated to 155 oC for 4 h to promote ring-closure and formation of the imide.
The PIB-alt-MAH-NPPDA copolymer was isolated and purified by repeated
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precipitations from hexane into anhydrous acetone followed by removal of excess solvent
under vacuum. Quantitative imidization of the anhydride groups was confirmed by FTIR
by the absence of anhydride stretches at 1860 cm-1 and 1785 cm-1 and the appearance of
an imide stretch at 1770 cm-1 and the appearance of broad stretches between 3300-3500
cm-1 indicative of amines.
2.3.10 Synthesis of Grafted Dispersant Functionalized with TEPA
Butyl rubber (50.4 g) and n-hexane (750 mL) were charged to a one-neck roundbottom flask equipped with a magnetic stirrer, and the mixture was stirred overnight at
room temperature to dissolve the copolymer. The resulting solution was diluted with
methylene chloride (500 mL) and with continuous stirring, equilibrated to -70 oC by
immersing the flask into a chilled methanol bath for 30 min. Then, (3bromopropoxy)benzene (37 mL, 51 g, 23 mmol), concentrated sulfuric acid (1.3 mL, 2.4
g, 24 mmol), and TiCl4 (25 mL, 43 g, 23 mmol) were added in that order, neat and at
room temperature, and the reaction mixture was stirred at -70 oC for 28 h. Excess
prechilled methanol was added to the flask to terminate the reaction. The resulting
solution was warmed to room temperature and precipitated into methanol. The
precipitate was collected by re-dissolution in fresh hexane, and the resulting solution was
washed twice with DI water, dried over MgSO4, and then vacuum stripped to yield the
isolated polymer. The Mn and PDI of the polymer, measured by GPC, were found to be
11,200 g·mol-1 and 1.54, respectively, with a number-average, primary-bromide
functionality of 4.75, as determined by 1H NMR. Number average, primary bromide
functionality was determined from the ratio of integrated intensities of the peaks due to
the -CH2-Br protons (3.70-3.50 ppm) of the (3-bromopropoxy)benzene residue and the
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gem-dimethyl protons of the IB repeat units (1.20-1.05 ppm), in a manner similar to that
reported by Campbell and Storey.17
Next, 18 mL (18 g, 95 mmol) of TEPA was added to a 3-neck, 250 mL round
bottom flask followed by the addition of 250 mL of THF. A condenser and rubber septa
were attached, and the solution was heated to reflux while stirring under a N2 blanket.
Next, 5.0 g (36 mmol) of potassium carbonate was added followed by the dropwise
addition 10.16 g (4.31 meq Br) of the 4.75-primary-bromide-functional PIB-Br contained
in 30 mL of THF. The solution was refluxed overnight, after which the grafted
dispersant was recovered by repeated precipitations into anhydrous acetone from hexane
followed by removal of excess solvent under vacuum.
2.3.11 Synthesis of Linear Dispersant Functionalized with TEPA
Polymerization of isobutylene, utilizing 2-chloro-2,4,4-trimethylpentane (TMPCl)
as an initiator, was carried out within a N2-atmosphere glovebox, which was equipped
with an integral, cryostated heptane bath. To a 2 L 4-neck round-bottom flask equipped
with a mechanical stirrer, ReactIR probe, and thermocouple, were added sequentially 105
mL of hexane, 158 mL of methyl chloride, 1.98 g (2.27 mL, 13.3 mmol) of TMPCl, and
0.11 mL (0.10 g, 1.0 mmol) of 2,6-lutidine. The mixture was allowed to equilibrate to
−70 oC with stirring, and then 51 mL (36 g, 0.64 mol) of isobutylene was charged to the
reactor. Upon re-equilibration to −70 oC with continuous stirring, polymerization was
initiated by the addition of 0.54 mL (0.93 g, 4.9 mmol) of TiCl4. Once full monomer
conversion was attained, 4.2 mL (5.7 g, 27 mmol) of 3-bromopropoxybenzene was
charged to the reactor, followed immediately by the addition of 5.3 mL (9.2 g, 48 mmol)
of TiCl4. Primary-bromide polyisobutylene (PIB-Br) with a molecular weight of 2,710
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g·mol-1 (see Figure A.3) was obtained after purification in a similar manner previously
described for PIB-CH2Cl. An analogous polymerization was performed in which PIB-Br
with a molecular weight of 11,100 g·mol-1 (see Figure A.4) and a PDI of 1.14 was
prepared. A representative transformation of linear PIB-Br to a dispersant using 2,710
g·mol-1 PIB-Br was performed as follows: To a 500 mL round-bottom flask equipped
with magnetic stirrer, heating mantle, and reflux condenser were charged 10.0 g (3.7
mmol) primary-bromide polyisobutylene (PIB-Br) and 250 mL of THF. Once dissolved,
14 mL (14 g, 74 mmol) of TEPA and 2.5 g (18 mmol) of potassium carbonate were
charged. The mixture was refluxed overnight. THF was removed under vacuum and the
resulting polymer was purified by repeated precipitations into acetone from hexane. The
polymer was dried over NaSO4, filtered, and vacuum stripped at 40 oC.

Scheme 2.2 Synthetic routes towards the three studied PIBSI-analog dispersants with
varying architectures (linear, comb, and grafted)
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2.4 Results and Discussion
2.4.1 Synthesis and Characterization of PIB-alt-MAH Copolymers
Synthesis of comb (polyPIBSI) dispersants began with the Friedel-Crafts
alkylation of 2-chloroethoxy(benzene) by either living polyisobutylene (long and
intermediate PIB tails) or protonated 2,4,4,6,6-pentamethyl-1-heptene (short PIB tail).
The 1H NMR spectrum of 2-chloroethoxy(benzene)-terminated PIB (PIB-CH2Cl) with
long PIB tail length, which is representative of the product from both long and
intermediate tails, is shown in Figure 2.1 (top). The corresponding spectrum for PIBCH2Cl with short tails (based on triisobutylene), i.e., 2-(4-(2-chloroethoxy)phenyl)2,4,4,6,6-pentamethylheptane is shown in Figure A.5. In Figure 2.1 (top), successful
alkylation of 2-chloroethoxy(benzene) was confirmed by the appearance of two triplets at
3.79 (g) and 4.21 ppm (f), which coincide with the protons of the ethylene tether, and two
doublets at 6.84 (e) and 7.26 ppm (d), indicative of the aromatic protons associated with
the phenyl ring. For 2,4,4,6,6-pentamethyl-1-heptene, a complete disappearance of the
olefinic peaks at 4.84 and 4.63 ppm was also observed. The three PIB-CH2Cl were then
reacted with potassium tert-butoxide to affect an E2 elimination of the primary chloride
end group to form a vinyl ether end group. As shown in Figure 2.1 (middle), upon
elimination, the peaks associated with the ethylene tether disappeared and were replaced
by doublets at 4.39 (g) and 4.69 ppm (g) and a quadruplet at 6.63 ppm (peak f). The
spectrum for vinyl ether-terminated PIB with short tails (based on triisobutylene) is
shown in Figure A.6. A shift of the aromatic protons to 6.93 (e) and 7.29 ppm (d) was
also observed. The three different vinyl ether-terminated PIBs (long, intermediate, and
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short) possessed molecular weights of 2,620, 1,070, and 288 g·mol-1, respectively. The
latter value was calculated; the former were from GPC.
Copolymerizations of VE-PIB macromers with maleic anhydride were conducted
under various conditions to determine the effect of solvent, temperature, and VE-PIB tail
length on the degree of polymerization of the resulting copolymer (Table 2.1).
Copolymerizations were carried out in solution using the following concentrations: [VEPIB] = 0.12 M, [MAH] = 0.30 M, and [AIBN] = 0.031 M. Oxygen removal was initially
attempted by sparging with N2 for 1 h. This method, however, proved to be inadequate
and resulted in incomplete conversion of the PIB-VE macromer. Consequently, oxygen
was removed by conducting three freeze-pump-thaw cycles on the reaction solution.
Conversion of the vinyl ether groups as a function of reaction time was determined by
monitoring the disappearance of the terminal olefin protons at 4.69 ppm. In addition, the
copolymerization was qualitatively monitored by the color of the reaction medium, which
began as a clear, colorless solution and reached a clear, vibrant yellow color upon
copolymerization. This color change is indicative of a charge-transfer complex forming
between the donor monomer (VE-PIB) and the acceptor monomer (maleic anhydride) as
reported by Kokubo and coworkers for similar systems.19 The appearance of yellow
charge-transfer complexes typically indicates weaker interactions; whereas strong
interactions appear blue.20 Figure 2.1 (bottom) shows the 1H NMR spectrum of the PIBalt-MAH copolymer with long PIB tails; the peaks associated with the vinyl ether endgroup have disappeared and the aromatic peaks have coalesced into a large multiplet at
7.32-7.11 ppm (d and e), possibly due to π-π stacking of adjacent phenyl rings.21 This
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phenomenon is also manifested in a significant downfield chemical shift of the ultimate
methylene group of the PIB tail (c).

Figure 2.1 1H NMR (300 MHz, CD2Cl2, 22 oC) spectra of (top) 1-(2-chloroethoxy)-4polyisobutylbenzene, (middle) 1-vinyloxy-4-polyisobutylbenzene (Mn = 2,620 g·mol-1),
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and polyisobutylene-alt-maleic anhydride (PIB-alt-MAH) copolymer obtained by radical
copolymerization of the vinyl ether terminus with maleic anhydride.
Table 2.1
Effect of Radical Polymerization Conditions on Degree of Polymerization and PDI of
PIB-alt-MAH Copolymers
Entry

PIB Tail
Length
(g·mol-1)

Solvent

Temperature
(oC)

Mn
(g·mol-1)

Xn

PDI

1

2,620

Benzene

65

13,000

4.7

1.46

2

2,620

Tetrahydrofuran

65

6,380

2.3

1.24

3

2,620

Toluene

65

11,400

4.2

1.43

4

2,620

Toluene

75

16,000

5.9

1.36

5

1,070

Toluene

75

10,500

8.9

1.11

6

288

Toluene

75

7,000

18.1

1.16

2.4.2 Kinetics of VE-PIB/MAH Copolymerizations
Kinetic experiments for the copolymerization of maleic anhydride with each of
the three different VE-PIBs were conducted to determine the effect of PIB tail length on
the rate of polymerization. Aliquots removed at various times from the reactor were
analyzed by 1H NMR and GPC. Figure A.7-A.9 show 1H NMR spectra (olefinic region)
of the various aliquots removed from copolymerizations involving the 2,620, 1,070, and
288 g mol-1 tails, respectively. First-order kinetic plots, shown in Figure 2.2, were
constructed by monitoring the disappearance of the vinyl ether olefinic protons. The
plots were linear and passed through the origin, consistent with an alternating
copolymerization and a nearly constant, steady-state radical concentration.20,22 Short VEPIB copolymerized at a significantly faster rate in comparison to intermediate and long
VE-PIB. An increase in VE-PIB tail length from short to intermediate decreased the
vinyl ether monomer half-life of the copolymerization by 2-fold. Increasing the VE-PIB
tail length to long caused only a slight further decrease in half-life. The higher
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copolymerization rates of VE-PIB with shorter tail lengths is synthetically advantageous
and suggests that rate of addition of the maleic anhydride radical to the vinyl ether endgroup is sensitive to the degree to which the latter is sterically hindered within the PIB
coil; i.e. the Arrhenius pre-exponential term (frequency factor) is apparently much greater
for shorter PIB tail lengths.

Figure 2.2 First-order kinetic plots, and first-order rate constants (kp) and half-lives (t1/2)
measured therefrom, for copolymerization of maleic anhydride with VE-PIBs of three
different molecular weights. 75 oC; toluene; [VE-PIB] = 0.12 M, [MAH] = 0.30 M,
[AIBN] = 0.031 M.
2.4.3 Degree of Polymerization of PIB-alt-MAH Copolymers
An increase in the degree of polymerization of the PIB-alt-MAH copolymer, and
in turn the comb dispersant produced therefrom, allows for a greater number of
polyamine groups to be incorporated into a given dispersant molecule. This can
potentially achieve greater affinity of the dispersant towards soot, as well as provide a
greater number of sites for adsorption to soot.
Figure 2.3 shows GPC traces of the aliquots removed from the copolymerization
of long PIB tails with maleic anhydride. The traces show the consumption of VE-PIB
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and the generation of the copolymer with increasing time of polymerization. The data
suggest that a very small fraction of the long VE-PIB tails remained unreacted after the
24 h reaction time. Degree of copolymerization of the PIB-alt-MAH copolymers was
calculated from the molecular weight determined from GPC, assuming a perfectly
alternating copolymer. A reciprocal relationship between the degree of copolymerization
of the final PIB-alt-MAH copolymer and the VE-PIB tail length was identified and is
detailed in Table 2.1. Intermediate PIB tails yielded a degree of polymerization
approximately half that of short PIB tails; whereas long PIB tail lengths resulted in a
degree of polymerization only one third that of short tails. We attributed this effect to the
observed lower rates of propagation for longer VE-PIBs in comparison to shorter VEPIBs, at similar rates of termination.

Figure 2.3 Overlay of GPC traces of aliquots taken at various times from the
copolymerization of 2,620 g·mol-1 VE-PIB with maleic anhydride.
Due to the distinct differences in polarity of the VE-PIB macromonomers and
maleic anhydride, only select solvents were capable of providing a homogeneous reaction
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medium. As shown in Table 2.1, it was found that benzene and toluene were
comparable, and both were slightly more favorable than THF, in terms of higher degrees
of polymerization.
2.4.4 Synthesis and Characterization of Comb Dispersants
The PIB-alt-MAH copolymers were imidized with tetraethylenepentamine
(TEPA) and N-phenyl-p-phenylenediamine (NPPDA) to form comb dispersants.
Imidization was monitored via FTIR spectroscopy by observing the disappearance of
stretches associated with carboxylic acid (1712-1714 cm-1) and amide (1650 cm-1) and
the appearance of stretches associated with the imide group at 1770 cm-1. Imidization
was conducted at 160 C, since we observed that ring-closure of the amic-acid
intermediate did not occur until the temperature exceeded about 155 C. Figure 2.4
shows the changes that were observed in the 1750-2000 cm-1 region of the FTIR spectra
as VE-PIB (A) was first converted to the PIB-alt-MAH copolymer (B) and then imidized
with either TEPA (C) or NPPDA (D). The anhydride stretches present in the PIB-altMAH copolymer at 1860 cm-1 and 1785 cm-1 were observed to disappear upon
imidization and were replaced by an imide stretch at 1770 cm-1.
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Figure 2.4 FTIR spectra demonstrating the absence of a carbonyl stretch in VE-PIB (A)
(2,620 g·mol-1), appearance of anhydride stretches at 1860 cm-1 and 1785 cm-1 in PIB-altMAH copolymer (Table 3.1, Entry 4) (B), and the subsequent disappearance of the
anhydride stretches replaced by an imide stretch at 1770 cm-1 for comb dispersants
functionalized with TEPA (C) and NPPDA (D).
Figure 2.5 shows the 1H NMR spectra for comb dispersants functionalized with
TEPA (top) and NPPDA (bottom). When functionalized with TEPA, the aromatic
protons, originally overlapped in Figure 2.1, separate into doublets. This is attributed to
inhibition of π-π stacking due to the interference of the bulky TEPA side chains. In
addition, broad peaks from 3.00-2.25 ppm appear, which are associated with the ethylene
repeat units of the TEPA groups. Upon functionalization of the PIB-alt-MAH copolymer
with NPPDA, broad aromatic peaks from 7.40-6.80 ppm appear, which are associated
with the phenyl rings composing the NPPDA groups. NPPDA is of interest as a potential
polyamine due to the added benefit of π-π stacking from the phenyl rings with
carbonaceous soot.23,24 In addition, NPPDA is free of nucleophilic amines and thus
should exhibit excellent fluoroelastomer seal compatibility.10,23,25 Seals within
56

automotive engines are typically composed of fluoroelastomers (Viton®), which are
copolymers of fluorinated ethylenes. PIBSI dispersants are known to dehydrofluorinate
the fluoroelastomer backbone resulting in unsaturations that are capable of undergoing
crosslinking reactions or thermal oxidation, either of which leads to a loss of elongation
and eventual embrittlement of the seal.10,25 Basic amines (1°, 2°, and 3°) present in
PIBSI dispersants are responsible for dehydrofluorination and resulting unsaturations, but
only nucleophilic primary and secondary amines are capable of subsequent Michael
addition reactions that lead to crosslinking reactions and ultimately seal embrittlement
and failure.

Figure 2.5 1H NMR (300 MHz, CD2Cl2, 22 oC) spectra of comb dispersants synthesized
by the imidization of PIB-alt-MAH copolymer (Table 3.1, Entry 4) with
tetraethylenepentamine (top) or N-phenyl-p-phenylenediamine (bottom).
Unexpectedly, the color of the reaction changed from clear and colorless to dark
blue in a matter of minutes upon reaction of the anhydrides of the PIB-alt-MAH
copolymers with TEPA. This deep blue color was sustained in the PIB-alt-MAH-TEPA
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dispersant even after multiple precipitations and washes and was deemed to be inherent
to this comb dispersant. Pirouz and coworkers have reported color in linear PIBSI and
comb polyPIBSI dispersants and attributed the phenomenon to the restricted motions of
carbonyl groups upon aggregation, known as aggregation-induced emission (AIE).27 The
limited modes of motion result in increased radiative relaxations and increased
fluorescence quanta. Shown in Figure 2.6 are the UV-VIS absorbance profiles of VEPIB, PIB-alt-MAH, and comb polyPIBSI functionalized with TEPA and NPPDA. VEPIB exhibits an absorbance at 285 nm due to the aromatic ring incorporated from (2chloroethoxy)benzene but exhibits no absorption past this region. After copolymerizing
VE-PIB with maleic anhydride, the PIB-alt-MAH copolymer exhibits a strong
absorbance at 285 nm but also exhibits a broad absorbance from 300-400 nm. After
imidization with TEPA, the PIB-alt-MAH-TEPA dispersant exhibits strong absorption
from 300-450 nm attributed to AIE. For PIB-alt-MAH-NPPDA, a broader absorption
profile from 250-350 nm is observed and attributed to absorbance from the aromatic rings
of the NPPDA side chains. Interestingly, no absorbance is observed for PIB-alt-MAHNPPDA above 350 nm, in direct contrast to PIB-alt-MAH-TEPA. It is believed that the
bulkiness of the NPPDA groups inhibits the aggregation of the carbonyl groups due to
increased steric effects, which leads to limited absorption by AIE.
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Figure 2.6 UV-VIS absorption in PIB-alt-MAH copolymer and PIB-alt-MAH-TEPA
dispersant due to aggregation-induced emission caused by coalescence of carbonyl
groups.
2.4.5 Thermal Stability of Dispersants
As a comparison to the comb dispersants, linear and grafted dispersants were
synthesized (Scheme 2.2). “Long” and “short” linear dispersant were prepared in which
the long linear dispersant had a similar overall molecular weight as the comb and grafted
dispersants and the short linear dispersant had a similar functional equivalent weight (i.e.
total molecular weight/number of TEPA groups). Primary bromide-terminated PIB (PIBBr) was prepared using the method reported by Morgan et al., and multifunctional PIBBr was prepared as described by Campbell et al.17,18 The bromide termini were then
functionalized with TEPA in refluxing THF in the presence of potassium carbonate.
These contrasting dispersant architectures (linear, comb, and grafted) provided the
opportunity for a structure-property study in terms of the physical and performance
properties of the dispersants.
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The dispersants were initially tested for thermal stability by thermogravimetric
analysis (TGA) to demonstrate their suitability to the thermally harsh environment within
an engine. The resulting TGA curves, and onset and midpoint decomposition
temperatures (Td), are shown in Figure 2.7 and Table 2.2, respectively. All three
dispersant architectures exhibited similar decomposition behavior regardless of
architecture, and all possessed excellent thermal stability as demonstrated by midpoint
Tds all above 400 C. In general, loss of residual hexane, remaining from the synthetic
work-up procedure, was observed at low temperatures, after which a steady plateau was
reached. Rapid decomposition occurred once the onset temperature was reached, and all
dispersants were completely decomposed over a narrow temperature range of
approximately 70 oC. The data in Table 2.2 revealed minimal changes in the onset and
midpoint Tds with variation in architecture. The dispersants were predominantly
composed of PIB and as such, the high onset and midpoint Tds reflect the excellent
thermal stability of PIB.
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Figure 2.7 TGA thermograms of various dispersant architectures (graft, linear, and comb
(Entry 4, Table 3.1)) displaying excellent thermal stability.
Table 2.2
Onset and Midpoint Decomposition Temperatures (Td) of Dispersants with Varying
Architectures

a

Sample

Td (onset)a
(oC)

Td (midpoint)b
(oC)

Comb (TEPA)

371

414

Comb (NPPDA)

376

415

Grafted (TEPA)

364

409

Short Linear (TEPA)

374

411

Long Linear (TEPA)

373

413

b

5% weight loss after residual hexane removal, 50% weight loss after residual hexane removal.

2.4.6 Effect of Dispersant Architecture on Adsorption onto Carbon Black
Using UV-VIS supernatant depletion assay, as outlined by Armes et al.,28
Langmuir isotherms were used to study the adsorption of dispersants onto the surface of
Vulcan XC-72R carbon black, which was used herein as a surrogate for soot. We chose
this particular grade of carbon black as a soot mimic because of its average particle size
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(50nm), which is close to that of soot.29 Individual calibration curves and subsequent
isotherms were constructed from UV absorbances for comb (285 nm), grafted (286 nm),
and linear (279 nm) dispersants. These absorbances arise from the aromatic
chromophore present from the (2-chloroethoxy)benzene or 3-bromopropoxybenzene
quencher and provide an effective method to monitor dispersant concentration. The
surface area of Vulcan XC-72R carbon black (263 m2·g-1) was also measured by UV-VIS
supernatant depletion assay utilizing methylene blue as an adsorbent (Figure A.10 and
Figure A.11).30-32 An experimental procedure for this surface area measurement is
provided in Appendix B.
UV-VIS supernatant depletion assay affords two critical parameters needed to
construct a Langmuir isotherm: 𝑞𝑒 , which represents the amount of dispersant adsorbed
onto a unit area of substrate at a given equilibrium concentration, and 𝐶𝑒 , which is the
equilibrium concentration of the dispersant remaining in solution. 𝐶𝑒 is calculated from
the UV-VIS calibration plots previously mentioned, while 𝑞𝑒 , is determined by Eq. 2.1,
𝑞𝑒 =

(𝐶𝑖 −𝐶𝑓 )𝑉
𝑆𝐴

(2.1)

where 𝐶𝑖 is the initial dispersant concentration in solution, 𝐶𝑓 is the final dispersant
concentration in solution after exposure to carbon black, 𝑉 is the volume of the solution,
and 𝑆𝐴 is the total surface area of carbon black to which the dispersant is exposed.
Langmuir adsorption isotherms for the dispersants, plotted on a mass basis are
shown in Figure 2.8. Based on the initial rates of adsorption at low equilibrium
concentrations, grafted and comb dispersants displayed much greater affinities toward
carbon black than linear dispersants. This was anticipated based on structure, and the
62

increased affinity was attributed to the presence of multiple polyamines in the structure of
grafted and comb dispersants. Supporting this, Dubois-Clochard and coworkers have
shown that increasing the number of amines present in a dispersant increases its affinity
toward carbon black.8

Figure 2.8 Langmuir-type adsorption isotherms obtained by UV-VIS spectroscopy
supernatant depletion assay for the adsorption of grafted, comb and linear dispersants,
functionalized with tetraethylenepentamine (TEPA), onto Vulcan XC-72R carbon black
from n-dodecane.
Langmuir adsorption isotherms were further analyzed to provide insight into
adsorption mechanisms, surface properties, and adsorption affinities.33 Specifically,
linearized Langmuir isotherms were constructed to enable the determination of
adsorption capacities for monolayer coverage and adsorption equilibrium constants. The
theoretical model proposed by Irving Langmuir in 1916 to describe the adsorption of a
solute onto a substrate is provided in Eq. 2.2,
𝑞𝑒 =

𝑞𝑚 𝐾𝑎 𝐶𝑒
1+𝐾𝑎 𝐶𝑒

(2.2)

where 𝐾𝑎 is the adsorption equilibrium constant, and 𝑞𝑚 is the monolayer adsorption
capacity or the maximum amount of adsorbed dispersant, at equilibrium, per unit surface
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area of the carbon black (i.e., the maximum attainable 𝑞𝑒 ). Eq. 2.2 can be linearized to
afford Eq. 2.3:
𝐶𝑒
𝑞𝑒

𝐶

= 𝑞𝑒 + 𝑞

1

(2.3)

𝑚 𝐾𝑎

𝑚

𝐶

1

A linear plot of specific adsorption, 𝑞𝑒 , versus 𝐶𝑒 provides a slope corresponding to 𝑞
𝑒

and a y-intercept corresponding to𝑞

1

𝑚 𝐾𝑎

𝑚

. Alternatively, Eq. 2.2 can be arranged to Eq.

2.4:
1
𝑞𝑒
1

1

𝑒

𝑒

1

=(

)

1

𝑞𝑚 𝐾𝑎 𝐶𝑒

+

1

(2.4)

𝑞𝑚

1

A linear plot of 𝑞 versus 𝐶 yields an intercept of 𝑞 and a slope of 𝑞
𝑚

1

𝑚 𝐾𝑎

.

Linearized Langmuir isotherms according to Eq. 2.3 are shown in Figure 2.9.
Monolayer adsorption capacities, qm , and adsorption equilibrium constants, Ka ,
extracted from the linearized plots are listed in Table 2.3, along with the r2 values from
linear regression analysis. Also listed are the calculated number of molecules required
for monolayer coverage, assuming that the carbon black particles are approximated by a
50 nm sphere.
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Figure 2.9 Linear Langmuir-type adsorption isotherms for the adsorption of grafted,
comb, and linear dispersants onto Vulcan XC-72R carbon black from n-dodecane.
Adsorption of the dispersants onto carbon black was observed to fit the linear
model quite well, as indicated by r2 values close to 1. As shown in Table 2.3, in
agreement with the qualitative results of Figure 2.8, the short linear dispersant displayed
the greatest value for qm , the maximum amount of adsorbed dispersant, at equilibrium,
per unit surface area of the carbon black. This was followed by the grafted dispersant,
comb dispersant and then lastly, the long linear dispersant. This signifies that on a
functional equivalent weight basis, the linear dispersant architecture is able to cover the
carbon black surface to a significant extent, which is much greater than the comb or
grafted architecture. However, the effectiveness of the linear architecture is quite
sensitive to the length of the PIB tail as demonstrated by the long linear dispersant
exhibiting the lowest qm value. Although the grafted and comb dispersants do not cover
the surface as effectively as the short linear dispersant, they are still capable of
solubilizing the carbon black particles and preventing carbon black aggregation due to the
greater molecular weight of the dispersants.
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The adsorption of linear dispersants is well characterized, and it has been found
that a regime transition occurs from low to high coverage of the carbon black. The linear
dispersants exist in a “mushroom” regime at low coverages where the PIB tails exist in a
collapsed state. Once greater coverage of the surface is attained, the PIB tails undergo a
transition to a “brush” regime where the chains are elongated due to the hindrance of
adjacent adsorbed molecules.8,34,35 At lower molecular weights, linear dispersants are
capable of orderly arranging on the carbon black surface thus increasing the overall
packing capacity. Of the branched dispersant architectures, the comb dispersant
exhibited the least efficient packing to the carbon black surface. To account for this, we
theorize that the densely packed PIB tails of the comb dispersant assume rod-like
conformations to minimize entanglement and mutual interactions.36 As comb dispersants
approach the carbon black surface, the PIB tails assume their rod-like extension making it
difficult for the polyamines to interact for adsorption. In addition, the rod-like PIB tails
of dispersants already adsorbed onto the surface of the carbon black essentially mimic the
high coverage “brush regime” and severely hinder the ability of additional comb
dispersants to approach and adsorb.
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Table 2.3
Thermodynamic Parameters for the Adsorption of Various Dispersant Architectures
Functionalized with Tetraethylenepentamine (TEPA)
Overall Molecular
Weight (PIB+TEPA
Groups)
(g·mol-1)
Functional Equiv.
Weight
(g·mol-1)
Single Layer Adsorption
Capacity (𝒒𝒎 )
(mg·m-2)
Single Layer Adsorption
Capacity (𝒒𝒎 )
(µmol·m-2)
Adsorption Constant
(𝑲𝒂 ) × 104
(L·mg-1)
Adsorbed Moleculesa
(x 10-2)
a

Long Linear
(TEPA)

Short Linear
(TEPA)

Comb
(TEPA)

Grafted
(TEPA)

11,300

2,900

12,200

12,100

11,300

2,900

2,900

2,600

0.5

1.8

0.9

1.3

0.05

0.63

0.07

0.10

2.3

2.0

9.7

10.3

2.3

29.7

3.6

4.9

Number of adsorbed dispersant molecules per carbon black particle (50 nm sphere as stated by manufacturer)

Grafted dispersants were found to pack onto the carbon black surface at a slightly
greater capacity to that of the comb dispersants. The grafted dispersants are believed to
exist as random coils as opposed to the rod-like structure of comb dispersants; this allows
easier interaction of the polyamines with the carbon black surface. The grafted
dispersants are believed to cover the carbon black surface with multiple grafted
dispersants spanning the surface. On a functional equivalent weight basis, grafted and
comb dispersants exhibit similar packing capacities, lower than that of short linear
dispersants, due to the inability for either to orderly arrange the adsorbed molecules on
the carbon black surface. Figure 2.10 is an idealized diagram of the adsorption onto
carbon black of linear, comb, and grafted dispersants.
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Figure 2.10 Adsorption of linear, comb, and grafted dispersants onto the surface of
carbon black with similar functional equivalent weights.
2.4.7 Rheological Measurements of Dispersants with Carbon Black in Base Oil
Solution properties of oil with carbon black in the presence of the various
dispersants were investigated by rheology. We were interested in determining which
dispersant architecture afforded the lowest viscosities at elevated temperatures, such as
found in an engine, on a functional equivalent weight basis. Rheology also provided an
additional method to investigate the packing ability of the dispersants onto the carbon
black surface. Viscosity is important to the proper functioning of an oil, and increases in
viscosity cause the oil to be much more difficult to circulate and result in low oil
pressure. Ideally, the viscosity of an oil would remain stable over a broad temperature
range, which allows for consistent engine performance within normal working
conditions.
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Figure 2.11 Absolute viscosity of RLOP 100N base oil with 2.5 wt% carbon black in the
presence of varying loadings of linear, comb, and grafted dispersants at 70 oC.
Shown in Figure 2.11 are the viscosity curves for oil containing carbon black and
various weight fractions of dispersant. Optimal dosage for the linear dispersant was
reached at a treat rate of approximately 1 wt% as indicated by a minimum in viscosity.37
Optimal dosage for grafted dispersants was approximately 1.5 wt%; while for comb
dispersants it was approximately 2.5 wt%. Optimal treat rate has been linked to
saturation of the carbon black surface with dispersant.38 A drop in viscosity was initially
observed as the dispersants adsorbed onto the carbon black surface and prevented particle
aggregation. Once the carbon black surfaces were saturated, a corresponding increase in
viscosity was observed with an increase in dispersant concentration. These results agreed
with the Langmuir adsorption studies previously discussed. The short linear dispersants
were shown to be the most efficient at packing on the carbon black surface, and therefore,
oil with short linear dispersants should require the lowest treat rate to attain saturation of
the carbon black surface. Grafted dispersants exhibited better packing efficiency
compared to comb dispersants and would be expected to attain saturation at a lower treat
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rate in comparison. At treat rates greater than optimal, a steady increase in viscosity was
observed for all dispersant architectures. Interestingly, oil treated with comb dispersants
exhibited the lowest viscosity at high dispersant concentrations.
2.5 Conclusion
We have demonstrated the synthesis and characterization of alternating
copolymers composed of maleic anhydride and vinyl-ether terminated polyisobutylenes
of varying molecular weight. An inverse dependence on the molecular weight of the PIB
tail with the degree of polymerization of the copolymer was found, whereby longer PIB
tails afforded lower degrees of polymerization due to steric hindrance of the vinyl ether
end-group. Functionalization of these copolymers to comb dispersants was demonstrated
by imidization of the maleic repeat units utilizing tetraethylenepentamine (TEPA) and
(N-phenyl-p-phenylenediamine) NPPDA. Model linear dispersants, with long and short
PIB tails, and a grafted dispersant, both functionalized with TEPA, were synthesized as
comparators to investigate the effect of dispersant architecture on the physical properties
of the dispersants. TGA analysis revealed inconsequential changes in the onset and
midpoint degradation temperatures of the various dispersants, and all dispersants
exhibited excellent thermal stability up to 408 oC. We further showed that grafted and
comb dispersants exhibited similar affinities for adsorption onto the surface of carbon
black, which were significantly greater than that of the linear dispersant. This was
attributed to the multiple polyamine groups of the grafted and comb dispersant
architectures. Conversely, at similar functional equivalent weights, linear dispersants
were found to pack much more efficiently onto the carbon black surface compared to
branched dispersants. In comparison, the packing capacity of comb and grafted
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dispersants onto the carbon black surface is lower (50% and 28% lower, respectively).
This difference is presumably due to the inability of comb and grafted dispersants to
orderly arrange on the carbon black surface unlike short linear dispersants which are
capable of a mushroom-to-brush regime transition. Rheological studies of the dispersants
in oil with carbon black revealed that linear dispersants required the lowest treat rate to
completely saturate the carbon black surface, followed by grafted, and lastly, comb
dispersants. The structure of a dispersant, either linear, grafted, or comb, was shown to
provide different benefits with respect to affinity for adsorption, mass of dispersant
adsorbed, and minimal treat rates, which should be taken into consideration when
choosing a dispersant.
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CHAPTER III - SYNTHESIS, CHARACTERIZATION, AND EVALUATION OF
POLYISOBUTYLENE‐BASED IMIDO‐AMINE‐TYPE DISPERSANTS
CONTAINING EXCLUSIVELY NON‐NUCLEOPHILIC NITROGEN

Previously Published As: Holbrook, T.P.; Masson, G.M.; Storey, R.F. “Synthesis of
Comb-Like Dispersants and a Study on the Effect of Dispersant Architecture and Carbon
Black Dispersion”. J Polym. Sci. Part A Polym. Chem. 2019, 57, 1682-1696.

3.1 Abstract
Lubricating oils for gasoline and diesel engines are formulated to include
amphiphilic dispersants for soot particle stabilization and prevention of particle
aggregation. Primary and secondary amines used within the polar group of traditional
dispersants provide basic nitrogen, which is able to neutralize acidic by-products from
combustion and does not contribute to sulfated ash. However, these active-hydrogencontaining amines present significant problems for fluoroelastomer seals and metals in
terms of degradation and corrosion. Polyisobutylene (PIB)-based dispersants containing
only tertiary amines, which aim to remediate these problems, were synthesized from
primary-bromide-terminated PIB, 1-(2-aminoethyl)piperazine, and an anhydride such as
phthalic anhydride. Intermediates and final dispersant molecules were characterized by
NMR, GPC, TGA, and MALDI-TOF MS. Using Langmuir adsorption studies with
carbon black as a surrogate for soot, a direct dependence on the affinity for adsorption of
the dispersant with respect to the number of phenyl rings present was identified.
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Performance testing revealed increased compatibility of the dispersants, including limited
degradation of seals and corrosion of metals, while retaining total base number.
3.2 Introduction
Lubricating motor oils for internal combustion engines are typically formulated
with various additives to aid in the reduction of corrosion, deposit formation, and wear
within the engine over time. The total additive package is significant and composes
approximately 8.5-18 wt% of a formulated motor oil, with dispersants representing 45-60
wt% of the total additive package.1 The role of dispersants in lubricating motor oils is to
control impurities released into the oil under operational use (i.e. metallics, water) in
addition to regulating viscosity increases due to the formation and presence of soot and
other organic matter (i.e. sludge, carbon, varnish), which are produced by the incomplete
oxidation of fuel2,3 and carried into the oil when hot exhaust gases (blow-by gases) pass
the piston rings and enter the crankcase where oil is contained. Once entrained in the
motor oil, virgin soot particles aggregate to form larger agglomerates. When the latter
grow to approximately 1 µm in diameter, they can no longer remain suspended and
deposit onto surfaces within the engine causing reduced engine performance and
increased wear. The role of dispersants is to mitigate the aggregation of virgin soot
particles by interacting with their polar surfaces through electrostatic and steric
mechanisms.4
Motor oil dispersants are typically of two types: alkylated phenols, which readily
react with formaldehyde and a polyamine to generate a Mannich dispersant, and alkyl
succinic anhydrides, which react with polyamines to form alkyl succinimde dispersants,
with the most prevalent being polyisobutylene succinimide (PIBSI). PIBSI dispersants
76

contain numerous primary and/or secondary amines, which are currently one of the major
drawbacks to this class of dispersants.
The seals within automotive engines are typically comprised of fluoroelastomers
(Viton®), which are copolymers of fluorinated ethylenes, typically vinylidene
difluoride.5 There are numerous modes of failure for automotive seals including
shrinkage, loss of elongation, and increased rigidity, and the onset of these failures is
primarily due to degradation induced by lubricant additives. PIBSI dispersants, due to
the nature of their polar head group, are known to diffuse into the fluoroelastomer seals
resulting in loss of elastomeric properties due to removal of plasticizer and
dehydrofluorination of the fluoroelastomer backbone, which results in unsaturations.2,3,6
The resulting unsaturations are capable of undergoing crosslinking reactions or thermal
oxidation, either of which leads to a loss of elongation and eventual embrittlement of the
seal.3,7,8 Basic amines (1°, 2°, and 3°) present in the PIBSI dispersants are responsible for
dehydrofluorination and resulting unsaturations, but only nucleophilic primary and
secondary amines are capable of subsequent Michael addition reactions with the
unsaturations that lead to crosslinking reactions and ultimately seal embrittlement and
failure. Tertiary amines are not capable of Michael addition reactions due to the absence
of replaceable hydrogens on nitrogen. Thus, for conventional dispersants that contain
primary and secondary amines, greater nitrogen content and higher treat rates of the
dispersant, which are generally desirable to promote engine cleanliness over extended
service periods, will be more aggressive to the fluoroelastomer seals.
Herein, we report the synthesis and characterization of a family of PIBSI-analog
dispersants, which are free of troublesome primary and secondary amines and thus
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incapable of Michael addition reactions. Scheme 3.1 shows various representative
dispersants of this family and the PIB intermediates from which they are derived. The
polar head-group of these dispersants include aromatic moieties, which are anticipated to
undergo - stacking with the polyaromatic hydrocarbon surface of soot.9 We also report
herein on the effect of the number of end-group phenyl rings on the adsorption of the
dispersants onto the surface of carbon black as well as the performance properties of a
representative non-nucleophilic dispersant containing phthalimide as the aromatic
moiety.

Scheme 3.1 Representative PIBSI-analog dispersants, which possess no primary or
secondary amines, and the PIB intermediates from which they are derived.
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3.3 Experimental
3.3.1 Materials
Hexane (anhydrous, 95%), titanium tetrachloride (TiCl4; 99.9%,), 2,6-lutidine
(redistilled, 99.5%), (3-bromopropoxy)benzene (96%), tetrahydrofuran (THF)
(anhydrous, 99.9%), methanol (anhydrous, 99.8%), dodecane (99%), acetone (anhydrous,
99%), methyl isobutyl ketone (MIBK; 99%), 1-(2-aminoethyl)piperazine (AEP; 99%),
phthalic anhydride (99%), 1,8-naphthalic anhydride (99%), pyromellitic dianhydride
(97%), glutaric anhydride (95%), dithranol (98.5%), silver trifluoroacetic acid (AgTFA;
98%), sodium trifluoroacetate (NaTFA; 98%), diethylenetriamine (DETA; 99%),
poly(styrene-co-maleic anhydride) copolymer (Mn (GPC) = 1,600 g/mol; acid number =
465-495 mg KOH/g; ~1.3:1 mole ratio styrene:maleic anhydride), methylene chloride-d2
(CD2Cl2) (99.8%), and chloroform-d (CDCl3) were purchased from Sigma-Aldrich Co.
and used as received. 2-(4-Methylpiperazin-1-yl)ethanamine (95%) was purchased and
used as received from AK Scientific. Anhydrous magnesium sulfate (MgSO4) was
purchased and used as received from Fisher Scientific.
Isobutylene (IB; 99%) and methyl chloride (99.5%) (both Gas and Supply Co.,
Hattiesburg, MS) were dried by passing the gaseous reagent through a column of
CaSO4/molecular sieves/CaCl2 and condensing within an N2-atmosphere glovebox
immediately prior to use. Vulcan XC-72R was purchased and used as received from Fuel
Cell Store. trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DTCB) was purchased from Tokyo Chemical Industry Co. and used as received. 2Chloro-2,4,4-trimethylpentane (TMPCl) was prepared by bubbling HCl gas through neat
2,4,4-trimethyl-1-pentene (99%, Sigma-Aldrich) at 0°C. The HCl-saturated TMPCl was
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stored at 0°C and immediately prior to use was neutralized with NaHCO3, dried over
anhydrous MgSO4, and filtered. 5-tert-Butyl-1,3-di(1-methylethyl)benzene (t-Bu-mDCC) was synthesized according to literature.10
3.3.2 Instrumentation
Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz
Varian Mercuryplus NMR (VNMR 6.1C) spectrometer. Standard 1H and 13C pulse
sequences were used. Composite pulse decoupling was used to remove proton coupling
in 13C spectra. All 1H chemical shifts were referenced to TMS (0 ppm). Samples were
prepared by dissolution in CD2Cl2 (20-50 mg·mL-1) and charging this solution to a 5 mm
NMR tube. For high-resolution 1H NMR and 2D homonuclear correlation spectroscopy
(COSY) studies, spectra were obtained using a 600.13 MHz Bruker Ascend (TopSpin
3.5) spectrometer.
Number-average molecular weights (Mn) and polydispersities (PDI = Mw/Mn)
were determined using a gel-permeation chromatography (GPC) system consisting of a
Waters Alliance 2695 separations module, an online multi-angle laser light scattering
(MALLS) detector fitted with a 20 mW laser operating at 658 nm (miniDAWN TREOS,
Wyatt Technology Inc.), an interferometric refractometer (Optilab rEX, Wyatt
Technology Inc.) operating at 35°C and 685 nm, and two PLgel (Polymer Laboratories
Inc.) mixed E columns (pore size range 50-103 A˚, 3 μm bead size). Freshly distilled
THF served as the mobile phase and was delivered at a flow rate of 1.0 mL·min-1.
Sample concentrations were ca. 5-10 mg of polymer·mL-1 of THF and the injection
volume was 100 μL. The detector signals were simultaneously recorded using ASTRA
software (Wyatt Technology Inc.), and absolute molecular weights were determined by
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MALLS using a dn/dc calculated from the refractive index detector response and
assuming 100% mass recovery from the columns.
Real-time ATR-FTIR monitoring of isobutylene polymerizations was performed
using a ReactIR 4000 (Mettler-Toledo) integrated with a N2-atmosphere glovebox
(MBraun Labmaster 130). Isobutylene conversion during polymerization was determined
by monitoring the area, above a two-point baseline, of the absorbance centered at 887 cm1

, associated with the =CH2 wag of isobutylene.
Fourier transform infrared (FTIR) spectroscopy was used to determine the

presence of imide groups in the PIB-PzEA-derived dispersants as well as the absence of
anhydride and amic acid groups. FTIR spectra of the PIB-PzEA-derived dispersants
were acquired between sodium chloride windows using a Nicolet 8700 spectrometer and
Omnic software. Spectra were taken with a resolution of 4 cm−1 by accumulating a
minimum of 128 scans per run. Nitrogen was constantly purged through the attachment
to reduce interference of CO2 and water. Absorbances at 1770 cm-1 and 1710 cm-1 were
indicative of the presence of imide groups while the absence of carbonyl stretches at 1860
cm-1 and 1785 cm-1 was indicative of the absence of anhydride and amic acid groups.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) was performed using a Bruker Microflex LRF MALDI-TOF mass
spectrometer equipped with a nitrogen laser (337 nm) possessing a 60 Hz repetition rate
and 50 μJ energy output. The PIB-PzEA dispersant samples were prepared using the
dried droplet method. Separately prepared THF solutions of DCTB or dithranol matrix
(20 mg·mL-1), PIB sample (10 mg·mL-1), and AgTFA or NaTFA cationizing agent (10
mg·mL-1) were mixed in a volumetric ratio of matrix/sample/cationizing agent of 4:1:0.2,
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and a 0.5 μL aliquot was applied to an MALDI sample target for analysis. Spectra were
obtained in the positive ion mode utilizing the reflector mode microchannel plate detector
and were generated as the sum of 900−1000 shots.
Thermogravimetric analysis (TGA) experiments were performed on a Q50 (TA
Instrument) thermogravimetric analyzer. The furnace atmosphere was defined by 10
mL·min-1 nitrogen. Samples were prepared by loading a platinum sample pan with 10-20
mg of material. The samples were subjected to a temperature ramp of 10C·min-1 from
20C to 600C. The onset and midpoint degradation temperatures were determined from
the 5 wt% and 50 wt% loss temperatures, respectively, measured from the plateau
reached after residual solvent loss.
Dispersant adsorption onto Vulcan XC-72R carbon black via UV-VIS supernatant
depletion assay was carried out using a Perkin-Elmer Lambda 35 UV/VIS spectrometer.
Solutions ranging from 0.1-25 mg·mL-1 of dispersant were prepared in dodecane
followed by the careful addition of approximately 75 mg of Vulcan XC-72R carbon
black. The solutions were sealed and agitated for 15 min followed by high-speed mixing
with the use of a FlackTek SpeedMixer™ DAC 400.1 FVZ and subsequently left on a
continuous rotating mixer overnight for 16 h to achieve suitable dispersion of the carbon
black. The samples were centrifuged at 4,000 rpm for 4 h to aid in the sedimentation of
the carbon black, and then the supernatant was carefully decanted into an empty vial for
analysis by UV-VIS. The absorbance appearing at approximately 286 nm, due to the
aromatic ring associated with the quenching moiety, was used to quantify the remaining
dispersant concentration in the supernatant after exposure to the carbon black.
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Evaluation of the corrosiveness of base oil with a representative non-nucleophilic
dispersant, PIB-PzEA-Phthalimide, was conducted according to ASTM D-6594.11 Further
corrosion testing was performed with a copper strip test according to ASTM D130.12
Fluoroelastomer compatibility was conducted according to ASTM D-7216.13 Evaluation
of the total base number (TBN) and the nitrogen content were conducted according to
ASTM D-2896 and ASTM D-5291, respectively.14,15
3.3.3 Synthesis of Monofunctional PIB Masterbatch with Primary Bromide
Terminus
Monofunctional, primary bromide-terminated PIB (PIB-Br) was synthesized
using living carbocationic polymerization and alkoxybenzene end-quenching according
to methods described by Morgan et al.16 Polymerization of isobutylene, utilizing 2chloro-2,4,4-trimethylpentane (TMPCl) as an initiator, was carried out within a N2atmosphere glovebox equipped with an integral, cryostated heptane bath maintained at 70C. To a 2 L 4-neck round-bottom flask equipped with a mechanical stirrer, ReactIR
probe, and thermocouple, were added sequentially 655 mL of hexane, 438 mL of methyl
chloride, 22.32 g (0.150 mol) of TMPCl, and 0.52 mL (0.48 g, 4.5 mmol) of 2,6-lutidine.
The mixture was allowed to equilibrate to −70C, and then 372 mL (260 g, 4.63 mol) of
isobutylene was charged to the reactor. The mixture was re-equilibrated to −70C with
stirring, and polymerization was initiated by the addition of 4.15 mL (7.18 g, 0.0379 mol)
of TiCl4. Once full monomer conversion had been attained according to FTIR data
(about 80 min), 60 mL (82 g, 0.38 mol) of 3-bromopropoxybenzene was charged to the
reactor followed immediately by 29 mL (50 g, 0.26 mol) of TiCl4. The quenching
reaction was allowed to run overnight (about 18 h) upon which the catalyst was destroyed
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by addition of excess prechilled methanol. The contents of the reaction flask were
warmed to room temperature, and after evaporation of methyl chloride, the resulting
polymer solution was washed with methanol and then precipitated into methanol. The
precipitate was collected by re-dissolution in fresh hexane; the resulting solution was
washed with DI water, dried over MgSO4, and then vacuum stripped. Residual solvent
was removed under vacuum at 40C to yield 3-bromopropoxyphenyl-terminated PIB.
The Mn determined by GPC was 1.95x103 g·mol-1 and the PDI was 1.12.
3.3.4 Synthesis of Difunctional PIB Masterbatch with Primary Bromide Termini
Difunctional, primary bromide-terminated PIB (Br-PIB-Br) was synthesized using
the difunctional initiator, t-Bu-m-DCC, at -70C following a procedure similar to that
described above. The respective masses and volumes of the reagents used were as
follows: hexane (74 mL), methyl chloride (111 mL), isobutylene (60 mL, 0.75 mol), 5tert-butyl-1,3-di(1-methylethyl)benzene (t-Bu-m-DCC) (3.59 g, 12.5 mmol), 2,6-lutidine
(0.09 mL, 0.8 mmol), TiCl4 (initiation) (0.40 mL, 3.5 mmol), TiCl4 (quenching) (11.6
mL, 0.12 mol), and 3-bromopropoxybenzene (7.88 mL, 50 mmol). Purification of the
polymer was conducted in a similar manner as described above for monofunctional PIBBr. The Mn of the difunctional PIB-Br polymer as determined by GPC was 4.38x103
g·mol-1 and the PDI was 1.04.
3.3.5 Synthesis of Polyisobutyl-piperazinylethylamine (PIB-PzEA)
First, protection of the primary amine group of 1-(2-aminoethyl)piperazine (AEP)
was conducted as outlined by Laduron and coworkers.17 To a 250 mL 3-neck roundbottom flask equipped with a magnetic stir bar, Dean-Stark apparatus, and nitrogen
inlet/outlet were added 6.52 g (50.5 mmol) of AEP and 100 mL of methyl isobutyl ketone
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(MIBK). The solution was heated to reflux, upon which azeotropic distillation of water,
indicative of imine formation, was observed. Quantitative protection of the primary
amines was indicated by the stoichiometric collection of 0.91 mL of water. Next, 3.49 g
(25.3 mmol) of K2CO3 was added followed by 9.98 g (5.11 mmol) of monofunctional
PIB-Br dissolved in 25 mL of MIBK. The solution was heated at reflux for 4 h until
quantitative reaction was observed by 1H NMR spectroscopy. The solution was cooled to
room temperature and concentrated by removal of excess MIBK under vacuum at 40C.
Collection of protected polyisobutyl-piperazinylethylamine (PIB-PzEA) and removal of
residual AEP was performed by a single precipitation into methanol. The protected PIBPzEA was dissolved in 100 mL of a 20/80 (v/v) H2O/THF mixture and heated to 50C
overnight to cause hydrolysis of the imine protecting group. Once deprotected, the
polymer solution was precipitated into methanol, redissolved in hexane, and washed with
DI water. The hexane layer was then dried over MgSO4, filtered, and vacuum stripped of
solvent to yield PIB-PzEA.
3.3.6 Reaction of PIB-PzEA with Phthalic, 1,8-Naphthalic, and Glutaric Anhydrides
PIB-PzEA was reacted with several cyclic anhydrides to form the corresponding
imide derivative. Reaction of PIB-PzEA with phthalic anhydride, to form polyisobutylpiperazinylethylamine-phthalimide (PIB-PzEA-Phthalimide), is representative and was
carried out as follows: A 25 mL round bottom flask equipped with a magnetic stirrer was
charged with 0.970 g (0.46 mmol) of PIB-PzEA and 0.069 g (0.47 mmol) of phthalic
anhydride. The flask was stoppered with a rubber septum, and the reaction was heated to
160C under a strong N2 purge for 2 h. Upon cooling to room temperature, the polymer
was dissolved in 5 mL of hexane and precipitated into anhydrous acetone to remove any
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unreacted anhydride. Further precipitations into acetone from hexane were conducted to
purify the polymer, and PIB-PzEA-Phthalimide was collected by vacuum stripping at
40C.
Reaction of PIB-PzEA with 1,8-napthalic anhydride to form polyisobutylpiperazinylethylamine-naphthalimide (PIB-PzEA-Naphthalimide) and with glutaric
anhydride to form polyisobutyl-piperazinylethylamine-glutarimide (PIB-PzEAGlutarimide) was conducted analogously.
3.3.7 Synthesis of polyisobutyl-piperazinylethylamine-pyromellitimide (PIB-PzEAPyromellitimide)
A 25 mL round bottom flask equipped with a magnetic stirrer was charged with
2.96 g (1.40 mmol) of PIB-PzEA and 15 mL of tetrahydrofuran (THF). Next, 0.5 eq
(0.146 g) of pyromellitic dianhydride was added, and the solution was refluxed for 4 h
under N2 to form the amic acid derivative. THF was removed under vacuum and
replaced with of 15 mL of dodecane. The solution was heated to 160C with a DeanStark apparatus under N2 for 2 h. Upon cooling to room temperature, the polymer was
dissolved in 5 mL of hexane and precipitated into anhydrous acetone to remove any
unreacted anhydride. Further precipitations into acetone from hexane were conducted to
purify the polymer, and PIB-PzEA-Pyromellitimide was collected by vacuum stripping at
40C.
3.3.8 Synthesis of polyisobutyl-bis(2-aminoethyl)amine (PIB-DETA)
To a 100 mL, 3-neck, round-bottom flask equipped with magnetic stirrer, heating
mantle, reflux condenser and Dean-Stark trap, septa, and nitrogen inlet and outlet were
charged 3.94 mL of diethylenetriamine (DETA) (3.76 g, 36.44 mmol) and 50 mL of
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MIBK. The solution was heated to reflux under continuous N2 purge. After 4 h,
quantitative removal of the water by-product (1.31 mL) was observed, indicating
quantitative formation of the Schiff base. Next, 7.48 g of K2CO3 (54.1 mmol) was added,
followed by the addition of 7.07 g (3.63 mmol) of monofunctional PIB-Br contained in
10 mL of MIBK. The solution was heated to reflux for 4 h, at which point quantitative
reaction was observed by 1H NMR spectroscopy. Upon cooling to room temperature, the
diethylenetriamine-terminated PIB (PIB-DETA) was separated from residual MIBK by
precipitation into acetone. Upon recovery, the protected PIB-DETA was solubilized in
100 mL of a 33/67 (v/v) H2O/THF mixture. The solution was heated at 50C overnight
to allow for quantitative hydrolysis and deprotection of the primary amine group. The
polymer was then separated by precipitation from hexane into acetone. Further
precipitations into acetone from hexane were conducted to purify the polymer, and PIBDETA was collected by vacuum stripping at 40C.
3.3.9 Synthesis of polyisobutyl-bis(2-phthalimidoethyl)amine (PIB-DETAPhthalimide)
To a 25 mL, 3-neck, round-bottom flask equipped with magnetic stirrer, heating
mantle, reflux condenser and Dean-Stark trap, septa, and nitrogen inlet and outlet were
charged 0.714 g (0.35 mmol) PIB-DETA and 10 mL of THF. To the solution was added
1.99 g (13.43 mmol) of phthalic anhydride. The mixture was refluxed for 4 h under N2 to
form the amic-acid derivative. THF was removed under vacuum, and the resulting
polymer was heated at 160C under N2 for 2 h. The polymer was dissolved in 5 mL of
hexane and precipitated into anhydrous acetone to remove any unreacted anhydride.
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Further precipitations into acetone from hexane were conducted to purify the polymer,
and PIB-DETA-Phthalimide was collected by vacuum stripping at 40C.
3.3.10 Synthesis of poly(polyisobutylene-piperazinylethylamine-pyromellitimide)
(poly(PIB-PzEA-Pyromellitimide))
Substitution of the bromine end-groups of difunctional Br-PIB-Br with MIBKprotected AEP was carried out in a similar manner as described previously for
monofunctional PIB-PzEA to yield difunctional PIB-(PzEA)2. A 25 mL round bottom
flask equipped with a magnetic stirrer was charged with 0.783 g (0.18 mmol) of
difunctional PIB-PzEA and 15 mL of THF. Next, one equivalent of pyromellitic
dianhydride (0.039 g, 0.18 mmol) was added, and the solution was refluxed overnight
under N2 to form the amic acid derivative. THF was removed under vacuum and
replaced with 8 mL of dodecane. The solution was heated to 160C with a Dean-Stark
apparatus under N2 for 2 h. Upon cooling to room temperature, the polymer was
dissolved in 10 mL of THF and precipitated into anhydrous acetone to remove any
unreacted anhydride. Further precipitations into acetone from THF were conducted to
purify the polymer, and poly(PIB-PzEA-Pyromellitimide) was collected by vacuum
stripping at 40C.
3.3.11 Synthesis of poly(styrene-co-maleic anhydride-graft-PIB-PzEA) terpolymer
A 50 mL, 2-neck, round-bottom flask equipped with magnetic stirrer, heating
mantle, reflux condenser, Dean-Start trap, septa and nitrogen inlet and outlet was charged
with 2.96 g (1.41 mmol) of PIB-PzEA, 0.11 g (0.07 mmol) of poly(styrene-co-maleic
anhydride), and 25 mL of THF. The solution was refluxed for 4 h under N2 to form the
amic-acid derivative. THF was removed under vacuum and replaced with of 10 mL of
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dodecane. The resulting solution was heated at 160C under N2 for 2 h. Upon cooling to
room temperature, the polymer was dissolved in 10 mL of THF and precipitated into
anhydrous acetone to remove any unreacted anhydride. Further precipitations into
acetone from THF were conducted to purify the polymer and poly(styrene-co-maleic
anhydride-graft-PIB-PzEA) was collected by vacuum stripping at 40C.
3.4 Results and Discussion
3.4.1 Synthesis and Characterization of Monofunctional PIB-Br Precursor
PIB-Br precursor was synthesized using the method reported by Morgan et al.16
Living carbocationic polymerization of isobutylene from the mono-functional initiator,
TMPCl, was carried out using TiCl4 as Lewis acid catalyst and 2,6-lutidine as proton trap
and common ion salt precursor. At approximately 100% isobutylene conversion, (3bromopropoxy)benzene and additional TiCl4 were added to the flask. Friedel-Crafts
alkylation of (3-bromopropoxy)benzene by the living PIB chains yielded bromideterminated PIB (PIB-Br) with a molecular weight of 1.95x103 g·mol-1 according to GPC
analysis. This masterbatch of PIB-Br was used to develop and refine the synthetic
procedure and primary structural characterization of PIB-DETA and PIB-PzEA-derived
dispersants. The low molecular weight of the PIB facilitated NMR analysis by providing
a high concentration of end groups (high S/N ratio). As shown in Figure 3.1 (top),
exclusively monoalkylation, para to the alkoxy moiety, was observed, as revealed by two
clean doublets at 6.80 ppm and 7.27 ppm. The resonance for the methylene protons
closest the oxygen and bromide in the propyl tether appeared as triplets at 4.08 and 3.60,
respectively, while the center methylene protons appeared as a multiplet at 2.31 ppm.
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3.4.2 Synthesis and NMR Characterization of PIB-PzEA
PIB-Br precursor with a molecular weight of 1.95x103 g·mol-1, shown in Figure
3.1 (top), was synthesized using the method reported by Morgan et al.18 This
masterbatch of PIB-Br was used to develop and refine the synthetic procedure and
primary structural characterization of PIB-DETA and PIB-PzEA-derived dispersants.
Scheme 3.2 shows the synthetic route from PIB-Br to PIB-PzEA and subsequent reaction
with a representative anhydride to form a PIBSI-analog dispersant possessing basic
tertiary nitrogens but no nucleophilic primary or secondary nitrogens. The synthesis is
modular and can be used to form a wide variety of dispersants and dispersant
architectures. For example, it may be easily adapted to other polyamines. In the broadest
sense, the only restriction on the polyamine is that it possess at least one secondary amine
so that at least one PIB tail may be attached; in contrast, it may contain any number of
primary and tertiary amines. In this report, we have examined two polyamines, 1-(2aminoethyl)piperazine (AEP) and diethylenetriamine (DETA), which provided monoand di-amido dispersants, respectively. Although Scheme 3.2 shows a naphthalimidefunctionalized PIB-PzEA dispersant derived from 1,8-naphthalic anhydride, we have
applied the method to various other mono-anhydrides, including phthalic and glutaric.
We have also applied the method to chain-extended structures involving difunctional PIB
segments and pyromellitic dianhydride; numerous other dianhydrides could also be
contemplated including naphthalenetetracarboxylic dianhydride,
ethylenediaminetetraacetic dianhydride, 4,4′-(4,4′-isopropylidenediphenoxy)bis(phthalic
anhydride).
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Scheme 3.2 Synthesis of polyisobutyl-piperazinylethylamine (PIB-PzEA) and subsequent
imidization with 1,8-naphthalic anhydride to form a typical PIB-PzEA-derived
dispersant.
As shown in Scheme 3.2, the primary amine in 1-(2-aminoethyl)piperazine (AEP)
was protected by reaction with excess methyl isobutyl ketone (MIBK).17 The ketone
served as both solvent and protecting group and formed a Schiff base with the primary
amine while leaving the secondary amine unreacted. Reaction of AEP with MIBK was
monitored both qualitatively by the change in color of the reaction medium from light
yellow to dark yellow as well as quantitatively by collection of the water by-product from
imine formation in a Dean-Stark apparatus. Once fully protected, PIB-Br and K2CO3
were added, causing the reaction to become dark orange. The reaction was monitored by
1

H NMR spectroscopy. Upon complete reaction, the MIBK protecting group was

liberated by hydrolysis with water to provide PIB-PzEA. The corresponding 1H NMR
spectrum of PIB-PzEA is shown in Figure 3.1 (bottom).
Quantitative conversion of PIB-Br was indicated by a shift of the methylene
protons closest to the phenoxy moiety, peak f, from 4.08 to 3.98 ppm, as well as by the
disappearance of peak h at 3.60 ppm. The central methylene protons in the propylene
tether in the quencher moiety, peak g, were observed to shift from 2.31 ppm to 1.96 ppm.
Identifying the methylene protons within and adjacent to the piperazine ring proved
91

difficult as several peaks overlapped forming a broad peak from 2.75-2.35 ppm. To
determine the identity of the overlapping peaks, homonuclear correlation (COSY) NMR
spectroscopy was conducted. This experiment aids in identifying proton spins that are
coupled with one another, thus identifying nearest neighbor protons. As shown in Figure
3.2, three strong correlations were observed in the COSY NMR spectroscopy of PIBPzEA. The first correlation, which was anticipated, was that of the triplet at 3.98 ppm
(peak f) and the multiplet associated with peak g at 1.96 ppm. The identity of the triplet
at 2.52 ppm (peak h), hitherto unidentified, was observed to be strongly correlated with
the center methylene unit of the propylene tether (multiplet at 1.96 ppm, peak g),
allowing its positive identification as the ultimate tether methylene nearest the piperizine
ring. The third correlation was observed between the triplets at 2.79 and 2.42 ppm,
indicating that these triplets represent the neighboring methylene units of the ethylene
tether. The triplet at 2.79 ppm, peak k, was assigned to the methylene protons closest to
the piperazine ring; while the peak at 2.42 ppm, peak l, was assigned to the methylene
protons adjacent to the primary amine. The remainder of the broad peak from 2.75-2.35
ppm was attributed to the methylene protons constituting the piperazine ring, i and j. The
integrated intensities of all peaks were as anticipated except for peak k and the broad,
overlapping multiplet composed of h, i, and j. Peak k integrated to 1.50 (theoretical =
2.00). The broad, overlapping multiplet of h, i, and j integrated to 11.50 (theoretical =
12.00). Tentatively, this suggested a PzEA functionality of less than 100%. However,
arguing against this interpretation was the fact that the integrated intensity of peak l
(ultimate methylene adjacent to the primary amine) agreed perfectly with the intensities
of the aromatic protons of the quencher moiety, thus suggested 100% functionalization.
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Moreover, there were no resonances that could be readily assigned to potentially missing
end groups, e.g., unreacted PIB-Br. An alternative explanation is that multiple
conformations of the piperazine ring are slow to interconvert, thus causing the two effects
observed: (1) broadening of the peaks associated with the methylene protons of the
piperazine ring from 2.75-2.35 ppm, i and j, as well as (2) the reduced integrations of the
methylene protons directly adjacent to the piperazine ring, k and h. A small molecule
analogue (4-methyl-1-piperazinylethylamine) was used to investigate the apparent
discrepancies observed in the NMR integrations of PIB-PzEA. However, as shown in
Figure B.1, no abnormalities in terms of integration were observed with the model;
although significant broadening of the protons associated with the piperazine group was
indeed observed. In comparison, the 1H NMR spectrum of the AEP reagent, which
contains a monosubstituted piperizine ring, does not show broadening (Figure B.2).
Apparently, broadening only occurs when both nitrogens possess an alkyl substituent.
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Figure 3.1 1H NMR (600 MHz, CD3Cl, 22oC) spectra of (top) primary bromideterminated polyisobutylene obtained by direct end quenching of a TiCl4-catalyzed living
isobutylene polymerization with 3-bromopropoxybenzene, and (bottom) polyisobutyl
piperazinylethylamine (PIB-PzEA) obtained by reaction of protected 1-(2aminoethyl)piperazine and displacement of the MIBK protecting group by hydrolysis.
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Figure 3.2 Homonuclear correlation spectroscopy (COSY) NMR (600 MHz, CD3Cl,
22oC) spectrum of polyisobutyl-piperazinylethylamine demonstrating cross-peak
correlation to identify peaks h, k, and l.
13

C NMR spectroscopy provided further confirmation of the PIB-PzEA structure

(Figure 3.3). Aromatic carbons e, f, g, and h of the (3-bromopropoxy)benzene quencher
moiety and the methylene, methyl, and quaternary carbons in the repeating PIB structure,
peaks a, c, and b, respectively, were assigned according to literature.16 The methylene
carbons of the propylene tether of the phenoxy moiety, i, j, and k, were assigned to peaks
at 66.2, 55.3, and 26.9 ppm, respectively. The methylene carbons constituting the
piperazine ring, l and m, were observed as two closely overlapping singlets at 55.3 ppm.
Lastly, the methylene carbons associated with the ethylene tether unit in the AEP head
group, n and o, were observed at 38.8 and 61.2 ppm, respectively.
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Figure 3.3 13C NMR (600 MHz, CD3Cl, 22oC) spectra of polyisobutylpiperazinylethylamine (PIB-PzEA) obtained by reaction of PIB-Br with protected 1-(2aminoethyl)piperazine and displacement of the MIBK protecting group by hydrolysis.
PIB functionalized with diethylenetriamine was also synthesized using the same
methodology as used for AEP. Due to extensive hydrogen bonding, 1H NMR
characterization of the DETA end-group proved difficult (Figure B.3).
3.4.3 Synthesis and NMR Characterization of PIB-Polyamine Dispersants
3.4.3.1 PIB-PzEA-Glutarimide, PIB-PzEA-Phthalimide, and PIB-PzEANaphthalimide
Monofunctional PIB-based dispersants were synthesized from PIB-PzEA and
several dicarboxylic acid anhydrides, including phthalic, 1,8-naphthalic, and glutaric (see
structures, Figure 3.4). The dispersants were prepared in the bulk without the use of
solvents. In this work, a stoichiometric excess of anhydride was used. Thus, although
the reaction was carried out in the bulk, excess anhydride was separated by dissolving the
crude product into hexane and precipitation into acetone. It is likely that a commercial
process would make use of a stoichiometric equivalent of anhydride and thus no solvent
would be required at any stage. The architectures of these dispersants, as shown in
Figure 3.4, are in some respects similar to PIBSI-type dispersants; however, the
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polyamine group and the imide linkage are reversed. Further, the dispersants of this work
include one or more tertiary amines but lack primary and secondary amines. PIB-PzEAPhthalimide and PIB-PzEA-Naphthalimide have the added benefit of containing a phenyl
ring(s), which can aid in dispersion due to the ability of the phenyl ring to participate in
- interactions with the surface of soot. The color of the imidized PIB-PzEA
dispersants was dark orange.
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The 1H NMR spectrum of PIB-PzEA-Phthalimide (Figure 3.4, middle) showed
the appearance of peaks m and n in the 7.90-7.70 ppm region, indicative of the phenyl
ring protons of the phthalimide moiety. In addition, a shift of peak l to 3.77 ppm was
observed, corresponding to the methylene protons next to the newly formed imide. For
PIB-PzEA-Naphthalimide (Figure 3.4, bottom), the appearance of two doublets and a
triplet at 8.56, 8.23, and 7.77 ppm was indicative of the aromatic protons m, o, and n,
respectively, on the naphthalene ring system. Interestingly, the methylene protons
nearest the newly formed imide (l), which usually appear upfield from the methylene
protons (f) closest to the ether linkage, instead appeared further downfield at 4.29 ppm.
The absence of carboxylic acid peaks in any of the 1H NMR spectra suggested that amic
acid derivatives were not formed. For PIB-PzEA-Glutarimide (Figure 3.4, top), no
aromatic peaks other than those associated with the phenoxy quencher were observed (d
and e). The methylene protons closest to the newly formed imide linkage shifted to 3.86
ppm. The methylene protons closest to the imide linkage on the glutarimide group (m)
overlapped with the peaks associated with the protons of the piperazine ring at 2.49 ppm.
The remaining methylene protons of the glutarimide group (n) overlapped with the
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central methylene protons of the phenoxy quencher (g) at 1.92 ppm.

Figure 3.4 1H NMR (300 MHz, CD2Cl2, 22oC) spectra of polyisobutylpiperazinylethylamine-glutarimide (PIB-PzEA-Glutarimide) (top), polyisobutylpiperazinylethylamine-phthalimide (PIB-PzEA-Phthalimide) (middle), and polyisobutylpiperazinylethylamine-naphthalimide (PIB-PzEA-Naphthalimide) (bottom), obtained by
reaction of primary amine-terminated PIB-PzEA with the respective anhydrides.
3.4.3.2 PIB-PzEA-Pyromellitimide
A common PIBSI-type dispersant architecture is that of bis-PIBSI (b-PIBSI) in
which two polyisobutylene succinic anhydride (PIBSA) chains are coupled to a single
polyamine. Achieved by reacting a 2:1 ratio of PIBSA: polyamine, b-PIBSI has a
molecular weight approximately double that of the starting PIBSA and has the polar head
group at the center of the molecule rather than the end. One of our aims was to produce a
b-PIBSI analogue by using PIB-PzEA and a cyclic dianhydride. The dianhydride of
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choice was pyromellitic dianhydride, which is commercially available, inexpensive, and
safe to handle.
Given the successful bulk reaction of PIB-PzEA with various mono-anhydrides,
we initially attempted the reaction with pyromellitic dianhydride under similar
conditions. However, bulk reaction was unsuccessful presumably due to insolubility of
the dianhydride in PIB, even at elevated temperatures. Therefore, the amic-acid
intermediate was formed by reaction in refluxing THF. An intense yellow color was
observed upon formation of the amic-acid. THF was removed, and ring-closure was
conducted at 160C in dodecane, whereupon a dark orange color was observed
corresponding to imide formation. Successful reaction and achievement of the targeted
structure was confirmed via 1H NMR spectroscopy and gel permeation chromatography.
The 1H NMR spectrum for PIB-PzEA-Pyromellitimide is shown in Figure 3.5.
The singlet at 8.23 ppm (m) is indicative of the aromatic protons constituting the phenyl
ring of the dianhydride. A significant shift to 3.84 ppm of l, the methylene protons
neighboring the imide linkage, was observed. A shift in k was also observed upfield to
2.59 ppm. No carboxylic acid proton peaks were observed indicating complete ring
closure of the amic-acid intermediate to the imide. The molecular weight of PIB-PzEAPyromellitimide was anticipated to be approximately double that of PIB-PzEA. Shown
in Figure 3.6 is an overlay of GPC curves for PIB-PzEA-Pyromellitimide and the starting
PIB-Br. GPC for PIB-PzEA could not be obtained because primary amine groups
interact strongly with the polystyrene gel column packing. A significant shift to lower
elution times was observed for PIB-PzEA-Pyromellitimide indicating an approximate
doubling of molecular weight. The starting PIB-Br trace was unimodal; the PIB-PzEA100

Pyromelltimide trace was also unimodal except for a weak shoulder at longer elution
times. This shoulder was attributed to unreacted PIB-PzEA or the reaction product of
pyromellitic dianhydride with a single PIB-PzEA chain, i.e., pyromellitic dianhydride
moieties that reacted at one anhydride but not both.

Figure 3.5 1H NMR (300 MHz, CD2Cl2, 22oC) spectra of polyisobutylpiperazinylethylamine-pyromellitimide (PIB-PzEA-Pyromellitimide) obtained by
reaction of PIB-PzEA with pyromellitic dianhydride in a 2:1 molar ratio.

Figure 3.6 GPC traces of starting PIB-Br and PIB-PzEA-Pyromellitimide obtained by
reaction of primary amine-terminated PIB-PzEA with pyromellitic dianhydride in a 2:1
ratio.
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3.4.3.3 PIB-DETA-Phthalimide
As stated earlier, the modularity of the synthetic method discussed herein allows
not only the use of an array of anhydrides, but also various polyamines in addition to 1(2-aminoethyl)piperazine, including N-phenyl-p-phenylenediamine, Nbenzylethylenediamine and diethylenetriamine (DETA). DETA is especially interesting
as it provides two imide moieties per PIB tail. The protection of DETA and subsequent
reaction with PIB-Br proceeded in the same manner as described previously for 1-(2aminoethyl)piperazine. Imidization of PIB-DETA with phthalic anhydride was then
carried out to form polyisobutyl-bis(2-phthalimidoethyl)amine (PIB-DETA-Phthalimide).
Structure of the resulting PIB-DETA-Phthalimide was confirmed via 1H NMR
spectroscopy (Figure 3.7).

Figure 3.7 1H NMR (300 MHz, CD2Cl2, 22oC) spectrum of polyisobutyl-bis(2phthalimidoethyl)amine (PIB-DETA-Phthalimide) demonstrating the use of other
polyamine linkers.
In Figure 3.7, the appearance of an overlapping multiplet at 7.69 ppm (k and l)
confirmed the reaction of the DETA end-group with phthalic anhydride. The methylene
protons next to the imide linkage (j) were observed to overlap with the methylene protons
closest to the phenoxy group (f) at 3.73 ppm. The methylene protons next to the tertiary
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amine (i and h) appeared at 2.79 and 2.70 ppm, respectively. Unlike the previous
structures containing the piperazinyl ring, the integrated intensities of the various protons
of the DETA-based head group closely matched the theoretical values.
3.4.4 MALDI-TOF MS of PIB-Polyamine Dispersants
MALDI-TOF MS provided an additional method for confirmation of structure of
the PIB-PzEA and PIB-DETA-derived dispersants. The MALDI-TOF mass spectrum of
PIB-PzEA is shown in Figure 3.8, and the MALDI-TOF mass spectra of PIB-DETA and
various dispersants are detailed in Figure B.4-B.8.. Each sample displayed a major
distribution of polymeric species, associated with either Ag or Na cations from the
cationizing agent (AgTFA or NaTFA), differing from each other only by the number of
isobutylene repeat units. In Figure 3.8, the major distribution is PIB-PzEA associated
with Ag cations from AgTFA; the minor, secondary distribution is PIB-PzEA associated
with adventitious Na cations. The data from each mass spectrum were analyzed by linear
regression of a plot of the mass-to-charge ratio (M/z, assumed to be 1), measured at the
maximum of each peak of the major distribution, versus degree of polymerization (Xn),
as shown in Figure B.9. The slope of this plot is theoretically equivalent to the exact
mass of the isobutylene repeat unit, 56.06 Da. The y-intercept is theoretically equivalent
to EG + I + C, where EG is the exact mass of the PzEA end group, I is the exact mass of
the TMPCl initiator residue (113.22 Da), and C is the exact mass of the associated Ag
(107.86 Da) or Na (22.99 Da) cation. MALDI-TOF MS and GPC data for the PIB-PzEA
and PIB-DETA-derived dispersants are summarized in Table 3.1.

103

Figure 3.8 MALDI-TOF mass spectra of polyisobutyl-piperazinylethylamine (PIB-PzEA)
prepared by the dried droplet method using DCTB as the matrix, AgTFA as the
cationizing agent, and THF as the solvent.

Table 3.1
Comparison of GPC and MALDI-TOF MS Data of PIB-PzEA and PIB-DETA-Derived
Dispersants
Sample

Mn
(GPC)

PDI
(GPC)

Mn
(MALDI)

EG
MWtheo

EG
MWexpt

Difference

Mru

PIB-Bra,c

1,950

1.12

1,760

215.09

219.99

4.90

56.21

PIB-DETAa,d

-

-

1,700

236.53

242.39

5.86

56.16

PIB-PzEAb,d

-

-

1,920

279.15

279.11

0.04

56.14

4,590

1.11

3,400

708.89

711.35

2.46

56.05

2,820

1.16

1,720

442.56

448.23

5.67

56.13

2,550

1.09

1,790

392.47

398.09

5.62

56.13

2,380

1.11

2,060

358.45

357.97

0.48

56.09

-

-

2,440

496.53

494.25

2.28

56.12

PIB-PzEAPyromellitimideb,d
PIB-PzEANaphthalimideb,d
PIB-PzEAPhthalimideb,d
PIB-PzEAGlutarimideb,d
PIB-DETAPhthalimideb,c
a

b

c

d

Na counterion, Ag counterion, Dithranol matrix, DCTB matrix

In all cases, the measured value of the repeat unit molecular weight (Mru) was
within 0.27% of the theoretical value (56.06 Da), and the measured value of EG + I + C
was within 2.3% of the theoretical value. The observed close agreement between
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measured and theoretical values provides strong evidence that the synthesized PIB-DETA
and PIB-PzEA-derived dispersants possess the expected structure and end-group
functionality. Table 3.1 also lists Mn and PDI data obtained from GPC analysis. In all
cases molecular weights measured by MALDI-TOF-MS were lower than the
corresponding values obtained from GPC analysis, especially in the case of PIB-PzEAPyromellitimide. This is a common observation and reflects the fact that polymer chains
with higher molecular weight are more difficult to desorb/ionize and thus are underrepresented at the detector.
3.4.5 Synthesis of Alternating Dispersants from PIB-PzEA
3.4.5.1 Poly(PIB-PzEA-Pyromellitimide)
The architecture of PIB-PzEA-Pyromellitimide is advantageous as it incorporates
a significant dispersant moiety, composed of polyamine moieties, imide linkages, and
phenoxy quenching groups, which is connected at each end to a PIB tail. The presence of
two PIB tails theoretically allows the dispersant to more effectively solubilize carbon
black particles as well as solubilize larger particles, in general. Replacement of the PIB
tails with difunctional PIB chains enabled the synthesis of a segmented or alternating
dispersant architecture, as shown in Scheme 3.3.
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Scheme 3.3 Synthesis of an alternating dispersant from difunctional PIB-PzEA and
pyromellitic dianhydride reacted in equimolar amounts.
Difunctional PIB-PzEA, in which a piperazinylethylamine group is located at
either end of the PIB chain, was synthesized and reacted with pyromellitic dianhydride to
create a chain extended, poly(PIB-PzEA-Pyromellitimide) by step-growth
polymerization. Bulk reaction of difunctional PIB-PzEA and pyromellitic dianhydride
was unsuccessful, and so they were reacted in refluxing THF to form the amic acid and
then ring-closed in dodecane. Shown in Figure 3.9 are the GPC traces for the starting
difunctional PIB-Br and the alternating dispersant of poly(PIB-PzEA-Pyromellitimide).
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Figure 3.9 GPC traces of starting difunctional bromine-terminated PIB-Br and poly(PIBPzEA-Pyromellitimide) obtained by reaction of difunctional PIB-PzEA and pyromellitic
dianhydride in equimolar amounts to form an alternating dispersant.
A significant shift towards lower elution times was observed for poly(PIB-PzEAPyromellitimide), which is indicative of the alternating dispersant reaching appreciably
larger molecular weights than the Br-PIB-Br precursor. Significant interaction of the
tertiary amine groups of the dispersant with the column media was the cause of the
apparent low molecular weight tail, i.e., the appearance of a positive signal at longer
elution times than the Br-PIB-Br. As calculated by the MALLS detector, the molecular
weight of the poly(PIB-PzEA-Pyromellitimide) was 91,700 g·mol-1, which corresponds
to a degree of polymerization of nearly 20. A molecular weight of this magnitude may be
too high for a lubricating oil dispersant; however, it validates the robust nature of the
chain extension chemistry and shows that the PzEA-PIB-PzEA intermediate has a
functionality very near the theoretical value of 2.0. It is a simple matter to design lower
molecular weight by the addition of controlled amounts of mono-functional PIB-PzEA
during imidization.

107

3.4.5.2 Poly(Styrene-co-maleic anhydride-graft-PIB-PzEA)
In addition to the b-PIBSI analogue and alternating dispersant architectures
previously mentioned, PIB-PzEA may also be used to synthesize a “polyPIBSI” analog,
i.e., a graft or comb-like dispersant, possessing hydrophobic and hydrophilic moieties
randomly spaced along a polymer backbone. This architecture is attainable through the
reaction of commercially available poly(styrene-co-maleic anhydride) copolymer with
PIB-PzEA to form poly(styrene-co-maleic anhydride-graft-PIB-PzEA) as shown in
Scheme 3.4.
The poly(styrene-co-maleic anhydride) copolymer used herein had a reported
number average molecular weight (GPC) of 1,600 g·mol-1 and a copolymer composition
of approximately 1.3:1 (mol:mol) styrene:maleic anhydride (Sigma Aldrich). GPC
analysis (Figure 3.10) of the as-received copolymer revealed an apparent number average
molecular weight of 9,500 g·mol-1. The discrepancy between the latter value and the
reported number average molecular weight of 1,600 g·mol-1 was attributed to partial
hydrolysis of maleic anhydride units, resulting in free carboxylic acid groups that
interacted with the GPC column media. MALDI-TOF MS analysis (Figure B.10) yielded
Mn = 1,500 g·mol-1, which supports the molecular weight of 1,600 g mol-1 reported by
the supplier.
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Scheme 3.4 Synthesis of a poly(styrene-co-maleic anhydride-graft-PIB-PzEA)
terpolymer from PIB-PzEA and poly(styrene-co-maleic anhydride) copolymer.
In Scheme 3.4, similarly to previous syntheses involving polyanhydrides, the
amic-acid intermediate was initially formed by reaction of PIB-PzEA and the copolymer
in refluxing THF, and imidization was subsequently carried out in dodecane. The
presence of hydrolyzed maleic repeat units was not expected to have any effect upon the
course of the amidation/imidation reaction. Figure 3.10 also includes the GPC trace of
the poly(styrene-co-maleic anhydride-graft-PIB-PzEA) terpolymer. A significant shift
towards lower elution times was observed indicating high molecular weights upon
reaction with PIB-PzEA. A small peak at approximately 15.5 minutes is present which
presumably correlates to residual starting copolymer.
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Figure 3.10 GPC traces of poly(styrene-co-maleic anhydride) and poly(styrene-co-maleic
anhydride-graft-PIB-PzEA) terpolymer obtained by reaction of PIB-PzEA and
poly(styrene-co-maleic anhydride) copolymer.
3.4.6 Physical and Performance Properties of PIB-Polyamine Dispersants
3.4.6.1 Thermal Stability of PIB-DETA and PIB-PzEA-Derived Dispersants
PIB-PzEA- and PIB-DETA-derived dispersants were subjected to
thermogravimetric analysis, as shown in Figure B.11. All dispersants exhibited similar
decomposition behavior regardless of end-group structure. Loss of residual hexane was
observed at low temperatures, followed by a stable plateau up to the main decomposition
process. Rapid decomposition occurred once the onset temperature was reached, and all
the dispersants were completely decomposed over a narrow temperature range of
approximately 70C.
The end-group structures of the dispersants comprise 20 wt% or less of the overall
molecular weight, and as such, the degradation temperature and rate of decomposition
were relatively unaffected by end-group structure, as summarized in Table 3.2. In
particular, the series of PIB-PzEA-based dispersants revealed that the identity of the
anhydride used to produce the dispersant (phthalic, 1,8-naphthalic, etc.) had almost no
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effect upon the onset and midpoint decomposition temperatures. However, all
dispersants did exhibit greater onset and midpoint decomposition temperatures compared
to those of their precursor (starting PIB-PzEA or PIB-DETA), and those materials
containing the DETA moiety appeared to be slightly less stable than the corresponding
materials containing the PzEA moiety. Poly(PIB-PzEA-Pyromellitimide) and Poly(Styco-MAH-g-PIB-PzEA) dispersants showed similar stabilities to the monofunctional PIBPzEA-derived dispersants.
Table 3.2
Onset and Midpoint Decomposition Temperatures (Td) of PIB-PzEA- and PIB-DETADerived Dispersants

a

Sample

Td (onset)a
(°C)

Td (midpoint)b
(°C)

PIB-PzEA

373.29

412.82

PIB-PzEA-Pyromellitimide

389.38

416.34

PIB-PzEA-Glutarimide

379.68

414.63

PIB-PzEA-Phthalimide

382.95

413.26

PIB-PzEA-Naphthalimide

380.87

416.04

PIB-DETA

350.47

413.45

PIB-DETA-Phthalimide

355.85

410.24

Poly(PIB-PzEA-Pyromellitimide)

376.48

421.92

Poly(Sty-co-MAH-g-PIB-PzEA)

380.14

416.20

5% weight loss after residual hexane removal. b50% weight loss after residual hexane removal.

3.4.6.2 Effect of Aromatic Character and Architecture on Dispersant Adsorption
onto Carbon Black
Using UV-VIS supernatant depletion assay, as outlined by Armes et al.,18
Langmuir isotherms were used to study the adsorption of PIB-PzEA-derived dispersants
onto the surface of Vulcan XC-72R carbon black, which was used herein as a surrogate
for soot. Individual calibration curves and subsequent isotherms were constructed from
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UV absorbances for PIB-PzEA-Glutarimide (285 nm), PIB-PzEA-Phthalimide (285 nm),
PIB-PzEA-Naphthalimide (286 nm), and PIB-PzEA-Pyromellitimide (286 nm). These
absorbances arise from the aromatic chromophore present in the phenoxy quencher
moiety and provide an effective method to monitor dispersant concentration. A complete
theoretical background to Langmuir adsorption isotherms is provided in Chapter II. The
set of PIB-PzEA-Glutarimide, PIB-PzEA-Phthalimide, and PIB-PzEA-Naphthalimide
was chosen to investigate the effect of phenyl rings within the polar head group on the
adsorption of the dispersants onto carbon black. PIB-PzEA-Pyromellitimide was
included to investigate the effect of constraining the polar head group between two PIB
tails rather than as an end-group.
Langmuir adsorption isotherms for the PIB-PzEA-derived dispersants, plotted on
a mass basis, are shown in Figure 3.11 (the corresponding isotherms plotted on a molar
basis, are shown in Figure B.12). Based on the initial rates of adsorption at low
equilibrium concentrations, PIB-PzEA-Naphthalimide and PIB-PzEA-Pyromellitimide
displayed much greater affinities toward carbon black than PIB-PzEA-Glutarimide or
PIB-PzEA-Phthalimide. This was anticipated based on structure. The fused aromatic
ring system of PIB-PzEA-Naphthalimide was expected to undergo relatively efficient -
stacking with carbon black. The greater affinity of PIB-PzEA-Pyromellitimide was
predicted due to its large polar head group, comprising a central phenyl ring, two imide
moieties, and two piperazyl groups. Of the two remaining dispersants, PIB-PzEAPhthalimide was anticipated to have the next greatest affinity followed by PIB-PzEAGlutarimide, which was anticipated to have minimal affinity. However, the latter
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prediction was not realized in the data of Figure 3.11; instead, phthalimide- and
glutarimide-based dispersants showed similar affinities.

Figure 3.11 Langmuir adsorption isotherms, plotted on a mass basis, obtained by UV-VIS
supernatant depletion assay for PIB-PzEA-derived dispersants adsorption onto Vulcan
XC-72R carbon black from n-dodecane.
Langmuir adsorption isotherms were further analyzed to provide insight into
adsorption mechanisms, surface properties, and adsorbate affinities.31 Specifically,
linearized Langmuir isotherms were constructed to enable the determination of
adsorption capacities for monolayer coverage and adsorption equilibrium constants.
Linearized Langmuir isotherms, plotted according to Eq. 2.3, are shown in Figure 3.12
(the corresponding linearized isotherms plotted according to Eq. 2.4 are shown in Figure
B.13). Monolayer adsorption capacities, 𝑞𝑚 , and adsorption equilibrium constants, 𝐾𝑎 ,
extracted from the linearized plots using linear regression analysis, are listed in Table 3.3
along with the r2 values. Also listed are the calculated number of molecules required for
monolayer coverage, assuming that the carbon black particles are approximated by a 50
nm sphere.
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Figure 3.12 Comparison of linearized Langmuir isotherms for the adsorption of PIBPzEA-derived dispersants onto Vulcan XC-72R carbon black from n-dodecane, plotted
according to Eq. 2.3.
Table 3.3
Comparison of Thermodynamic Parameters as Determined by Equations 2.3 and 2.4 for
the Adsorption of PIB-PzEA-Derived Dispersants onto Vulcan XC-72R Carbon Black
from n-Dodecane
PIB-PzEA
Dispersant

a

Langmuir (Eq. 2.3)

Langmuir (Eq. 2.4)

qm
(mg·m-2)

qm
(µmol·m-2)

Ka
(m3·mol -1)

Adsorbed
Moleculea

qm
(mg·m-2)

qm
(µmol·m-2)

Ka
(m3·mol -1)

Adsorbed
Moleculea

Naphthalimide

0.602

0.214

2.978

253

0.567

0.201

4.907

238

Phthalimide

0.470

0.184

0.523

218

0.448

0.175

0.574

208

Glutarimide

0.435

0.180

0.499

212

0.402

0.165

0.604

196

Pyromellitimide

0.196

0.043

25.87

51

0.192

0.042

30.75

50

Number of adsorbed dispersant molecules per carbon black particle (50 nm sphere as stated by the manufacturer).

Adsorption of the PIB-PzEA-based dispersants onto carbon black was observed to
fit the linear models quite well, as indicated by r2 values close to 1. Although Eqs. 2.3
and 2.4 yielded values for 𝑞𝑚 and 𝐾𝑎 that were in good agreement, Eq. 2.4 uniformly
yielded slightly greater 𝐾𝑎 values and slightly lesser 𝑞𝑚 values compared to Eq. 2.3. As
shown in Table 3.3, PIB-PzEA-Naphthalimide displayed the greatest value for 𝑞𝑚 , the
monolayer adsorption capacity. This was followed by PIB-PzEA-Phthalimide and PIB114

PzEA-Glutarimide and then lastly, PIB-PzEA-Pyromellitimide. In agreement with the
qualitative results of Figure 3.11, PIB-PzEA-Phthalimide and PIB-PzEA-Glutarimide
yielded similar 𝑞𝑚 values. This signified that PIB-PzEA-Glutarimide and PIB-PzEAPhthalimide cover the carbon black surface to a similar extent, which is less than that of
PIB-PzEA-Naphthalimide. In general, PIB-PzEA-Naphthalimide can more effectively
cover the surface and therefore stabilize the particles to a greater degree, thus preventing
carbon black aggregation. Conversely, PIB-PzEA-Pyromellitimide covers the least
amount of surface area, only about half of that covered by PIB-PzEA-Phthalimide or
PIB-PzEA-Glutarimide, and only about a third of the covered by PIB-PzEANaphthalimide. This was attributed to the fact that the polar head group of PIB-PzEAPyromellitimide, although nearly double in size of the other polar head groups, is
constrained within the middle of the dispersant and attached to two PIB tails. This
constrained and sterically crowded polar head group finds difficulty approaching and
interacting with the carbon black surface, especially in areas adjacent to other dispersant
molecules that have already adsorbed to the surface. Dubois-Clochard and coworkers
functionalized PIBSA (1,000 g·mol-1) with 1-(2-aminoethyl)piperazine (AEP) and found
that the 𝑞𝑚 of this dispersant was 0.84 µmol·m-2.19 This is comparable to PIB-PzEA
dispersants with terminal polyamine head groups (𝑞𝑚 : 0.21-0.18) and the discrepancy is
presumably due to the lower molecular weight PIB tail of the dispersants by DuboisClochard and coworkers
The other significant thermodynamic parameter determined by Eq. 2.3 and Eq.
2.4 was the adsorption equilibrium constant, 𝐾𝑎 . As can be seen in Table 3.3, the
affinities for PIB-PzEA-Naphthalimide and especially PIB-PzEA-Pyromellitimide were
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significantly greater than either PIB-PzEA-Phthalimide or PIB-PzEA-Glutarimide.
Although PIB-PzEA-Pyromellitimide exhibited the same hydrophilic-hydrophobic
balance as the other dispersants, the larger size of the polyamine gives rise to
significantly greater affinity. Unexpectedly, PIB-PzEA-Phthalimide and PIB-PzEAGlutarimide exhibited very similar affinities for adsorption onto carbon black. In general,
PIB-PzEA-Pyromellitimide exhibited 40-60 times and PIB-PzEA-Naphthalimide
exhibited 6-10 times greater affinity towards the carbon black surface in comparison to
PIB-PzEA-Glutarimide or PIB-PzEA-Phthalimide. Taken as a whole, the data in Table
3.3 introduce the idea that significant affinity of the dispersant towards carbon black does
not arise until at least two end-group phenyl rings are present, such as in naphthalimide.
Support for this increased affinity of PIB-PzEA-Naphthalimide is given by Grimme,20
who conducted a study on the effect of - stacking as a function of the size of the ring
system (i.e. number of carbon atoms) for acenes and their saturated counterparts. It was
found that the interaction energies of aromatic and saturated rings, with the number of
rings equal to 1 or 2, are quite similar. Only for large acenes, composed of at least 10-15
carbon atoms, were stronger interactions and greater -stacking effects observed. The
end-group of PIB-PzEA-Naphthalimide is composed of 13 atoms whereas PIB-PzEAPhthalimide and PIB-PzEA-Glutarimide are composed of 9 and 6 atoms, respectively.
3.4.6.3 Total Base Number (TBN), High Temperature Corrosion, and
Fluoroelastomer Compatibility Testing of Lubricating Oil with PIB-PzEAPhthalimide
A representative dispersant, PIB-PzEA-Phthalimide, was evaluated for Total Base
Number (TBN) (ASTM D-2896),14 fluoroelastomer compatibility (ASTM D-7216),13 and
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corrosiveness towards copper and lead (ASTM D-6594)11 using a lubricating oil
composition containing 6 wt% of this dispersant. For comparative testing, a benchmark
lubricating oil composition was prepared containing 6 wt% of PIB succinimide, prepared
by imidation of 1000 MW PIBSA with heavy polyamine (HPA) with a PIBSA:HPA =
2:1 molar ratio.
Acidic by-products, principally in the form of nitrogen oxides produced during
high-temperature combustion, but also aldehydes, ketones, and other oxygenated
materials, serve as detriments to the cleanliness of oil and ultimately, its longevity. These
acidic by-products are degradative toward both the oil and the metal components of an
engine. This includes rusting and corrosion of metal surfaces and increased engine wear.
Detergents that are capable of neutralizing acidic products in the oil are a type of additive
used to combat this effect. Neutralization power is reported as total base number (TBN)
which is expressed in terms of the equivalent number of milligrams of potassium
hydroxide per gram of oil sample (mg KOH·g-1). Although detergents provide for a
majority of the neutralization of acidic components, dispersants also play an important
role. Dispersants contribute a certain degree of neutralizing power by virtue of the
amines contained in their structure which provide ashless TBN and must be accounted for
in a finished oil formulation. Maximizing the TBN contributed by the dispersant reduces
the amount of detergent needed and consequently reduces the ash level during operation
of the engine. An oil is deemed unfit for service once the TBN has dropped to half of its
starting value. Thus an oil with superior longevity will be characterized by both high
TBN and the ability to maintain its TBN reserve. In addition to TBN, the nitrogen
content of an additive is an industry-reported parameter used to report consistent quality
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of the finished oil. PIB-PzEA-Phthalimide, as a representative dispersant, was measured
for TBN using ASTM D-2896 and nitrogen content as shown in Table 3.4.
Table 3.4
Nitrogen Content and TBN of PIB-PzEA-Phthalimide Compared to Benchmark PIB
Succinimide Dispersant
Testing Method

PIB-PzEA-Phthalimide

Benchmark PIB
Succinimide

Typical Range

TBN (mg KOH·g-1)

20.2

11.3

8-30

Nitrogen Content (%)

1.6

-

1.1-3.0

The TBN value of PIB-PzEA-Phthalimide, 20.2, falls within the typical range for
commercial PIBSI-based dispersants of similar molecular weight and dispersant
concentration in finished oil3,21,22 and was nearly twice that of the benchmark PIBSI
dispersant at identical concentration in oil.
PIB-PzEA-Phthalimide was next evaluated for corrosiveness towards copper and
lead (ASTM D-6594).11 These metals are found extensively in engines, for example
within the alloys used for cam followers and bearings, and their compatibility with any
candidate dispersant is critical. The high temperature corrosion test is designed to assess
the relative degree of corrosivity of petroleum products and is widely used as a testing
method for aviation gasoline, automotive gasoline, aviation turbine fuel, and lubricating
oils. Dispersants which contain amines are corrosive in engine environments; however,
interactions of the dispersant with other additives can effect which type of metal
corrosion occurs.2 Zinc dialkyl dithiophosphates (ZDDP) are a common class of
antiwear agents that inhibit lead corrosion and reduce mechanical abrasion by the
formation of polyphosphate tribofilms on metal surfaces. ZDDP can complex with the
basic nitrogen of a dispersant through a phosphate-amine complex which leads to
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changes in coordination of the zinc atom, changes in the ZDDP structure, and the
generation of free thiophosphorylate anions.
Dispersant complexation also renders ZDDP more soluble in oil due to the
extreme hydrophobic nature of the dispersant and introduces significant steric hindrance
to ZDDP which limits its ability to react with the metal surface. The combination of these
effects leads to different film formation from the reaction of free thiophosphorylate
anions with the metal surface and in turn, the films exhibit shorter polyphosphate chain
lengths. These different decomposition products of ZDDP and tribofilms produced
therefrom promote copper corrosion while the amines of PIBSI dispersants are
responsible for lead corrosion. Detailed in Table 3.5 and Figure 3.13 are the results of
the high temperature corrosion test of oil with PIB-PzEA-Phthalimide for copper and lead
metals.
Table 3.5
High Temperature Corrosion Test Results for PIB-PzEA-Phthalimide Compared to
Benchmark PIB Succinimide Dispersant
Benchmark PIB
Acceptable
PIB-PzEA-Phthalimide
Metal
Succinimide
Limits
Type
(ppm)
Change in Concentration (ppm)
Copper

4.0

5.0

< 20

Lead

35.0

40.0

< 120

An oil-based formulation containing PIB-PzEA-Phthalimide (6 wt%) showed
limited corrosion of copper and lead metal, with results slightly superior to those of the
comparative oil formulated with 6 wt% of the benchmark PIB succinimide. Furthermore,
all results were well within acceptable limits. Rating of the copper specimen for tarnish
was conducted according to ASTM D-130.12 Visual inspection of the copper strips
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revealed minimal corrosion of the copper strip immersed in oil containing 6 wt% PIBPzEA-Phthalimide, and this formulation was rated as 1b on a standard chart. This rating
indicates that the strip was dark orange in color and exhibited minimal tarnish. Oil
formulated with the benchmark PIB succinimide obtained the same rating of 1b.

Figure 3.13 Comparison of copper strip corrosion for a reference oil formulated with 6
wt% benchmark PIB succinimide dispersant versus oil with 6wt% PIB-PzEAPhthalimide in which both were rated at 1b (yellow outline)
Compatibility of PIB-PzEA-Phthalimide with fluoroelastomers was evaluated by
ASTM D-7216.13 For comparison, identical compatibility evaluations were carried out
on the benchmark PIB succinimide. ASTM D-7216 is a compatibility test in which a
reference elastomer is exposed to both an experimental oil and a reference oil. The test is
carried out at elevated temperature in order to promote dehydrofluorination of the
elastomer by nucleophilic elements within the oil. Compatibility is evaluated in terms of
volume change, Durometer A hardness change, and tensile properties change in the
elastomer upon exposure to the test and reference oils. Volume variation indicates how
readily the dispersant diffuses into and swells the elastomer; low volume variation, i.e.
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less swelling, is highly desired since bulk degradation of the elastomer must necessarily
be preceded by swelling. Hardness, tensile strength, and elongation at break variation are
good indicators of additional crosslinking and potential embrittlement of the elastomer.
As shown in Table 6, fluoroelastomer compatibility of PIB-PzEA-Phthalimide was
comparable to and in the case of tensile strength variation, superior to the benchmark PIB
succinimide. This result is quite remarkable considering the fact that the PIB-PzEAPhthalimide possesses nearly twice the Total Base Number (TBN) of the PIB
succinimide, and we attribute this to the absence of primary and secondary amines in the
former.
Table 3.6
Mechanical Properties of AK6 Fluoroelastomer After Exposure to Oil Containing 6 wt%
of PIB-PzEA-Phthalimide vs. 6 wt% of Benchmark PIB Succinimide
Testing Method

PIB-PzEAPhthalimide

Benchmark PIB
Succinimide

Acceptable
Limits

Volume Variation (%)

0.78

0.7

-1 / +5

Hardness Variation (Points)

-1

1.5

-1 / +5

Tensile Strength Variation (%)

-32.4

-53.4

-50 / +10

Elongation at Break Variation
(%)

-36.2

-23.9

-60 / +10

3.5 Conclusions
We have demonstrated that bromine-terminated polyisobutylene can be
selectively reacted with the secondary amine of a polyamine in the presence of tertiary
and primary amines. We have further shown that the primary amines of the polyaminefunctionalized PIB may be subsequently reacted with a wide array of anhydrides to yield
dispersants of varying functionalization and architecture. The post-polymerization
reactions reported herein employ inexpensive reagents and processes and are thus
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industrially-friendly. These new “PIBSI-analog” dispersants are benign towards the
fluoroelastomer seals found within gasoline and diesel engines, in contrast to traditional
commercial dispersants that contain troublesome primary and secondary amines. The
corrosively of these experimental dispersants towards lead and copper metals was also
found to be negligible. Although they lack primary and secondary amines, the TBN and
nitrogen content of the experimental dispersants were found to be comparable to that of
commercial dispersants. In addition, we have identified an increasing favorable
dispersant-soot interaction with increasing the number of ring-structures at the chain-end
of the dispersant. In order to promote strong - interactions to achieve greater
adsorption, it was found that a minimum of two aromatic rings must be present at the
chain-end. Dispersants containing only tertiary amines appear to provide the same soothandling performance and similar ashless TBN as traditional dispersants, which contain
primary and secondary amines, while simultaneously providing improved compatibility
towards seals and metals in an engine.
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CHAPTER IV – MICELLIZATION AND ADSORPTION TO CARBON BLACK OF
POLYISOBUTYLENE-BASED IONIC LIQUIDS

Previously Published As: Holbrook, T.P.; Storey, R.F. “Micellization and Adsorption to
Carbon Black of Polyisobutylene-Based Ionic Liquids”. J Polym. Sci. Part A Polym.
Chem. 2019 (Submitted and Accepted)

4.1 Abstract
Ionic liquid-terminated polyisobutylene (PIB-IL) dispersants suitable for
stabilization of carbonaceous deposits found in automotive lubricating oils were derived
by the quaternization of tertiary amines (1-methyl-imidazole, pyridine, and isoquinoline)
with primary bromide-terminated PIB. Characterization of PIB intermediate and PIB-IL
dispersants was carried out by NMR, GPC, TGA, MALDI-TOF-MS, and DSC. PIB-IL
micellization in dodecane and characteristics thereof (hydrodynamic radius, aggregation
number, and critical micelle concentration) were investigated by static (SLS) and
dynamic light scattering (DLS); whereupon the self-association of PIB-IL was found to
be highly sensitive to anion hydrophobicity. Qualitative adsorption of PIB-IL onto
carbon black was confirmed by FTIR and TGA measurements. Using Langmuir
adsorption studies, the affinity for and adsorption to carbon black of PIB-IL were
characterized. PIB-IL adsorption onto carbon black occurred via cation-π interactions
and was identified to be highly dependent on the molar volume of the cation and
independent of the anion. From the parameters obtained by the Langmuir adsorption
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isotherms, the spatial arrangement of PIB-IL on the carbon black surface was elucidated,
in which all adsorbed PIB-IL were determined to exist in the elongated brush regime.
4.2 Introduction
Polyisobutylene (PIB) has found widespread use as an additive in lubricating oils
for internal combustion engines, specifically as a dispersant, due to its advantageous
properties including a low glass transition temperature (Tg), chemical, oxidative, and
thermal stability, and ease of chemical modification.1-9 Polyisobutylene succinimide
(PIBSI) is a commercially produced PIB-based dispersant commonly used in lubricating
oils to maintain solubility of polyaromatic hydrocarbons (PAH’s) (i.e., soot), which are
produced from incomplete combustion of fuel and are carried into the lubricating oil
when exhaust gases pass the piston rings.10,11 PIBSI dispersants are prepared by
imidization of anhydride-terminated PIB with a heavy polyamine, which serves to attach
a surface-active, polar moiety at one terminus of the oil-soluble PIB tail.10 Without the
presence of the PIBSI dispersant, aggregation and precipitation of the soot particles (~1
μm diameter) within the engine environment would lead to reduced engine performance,
increased oil viscosity, and increased engine wear.
Due to their immense importance to lubricating automotive oils, the structure,
mode of dispersion, dispersion efficacy, and self-assembly (i.e. reverse micellization) of
PIB-based dispersants in nonpolar media has been extensively studied, with the primary
focus directed to PIBSI-type dispersants.2,6,12-17 For example, using a ruthenium-based
probe and steady-state fluorescence, Duhamel and Shen demonstrated that PIBSI
dispersants self-associate into reverse micelles within a non-polar solvent, with the
polyamine moieties shielded by a corona of PIB tails.12 The critical micelle
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concentration (CMC) and aggregation number (Nagg) of PIBSI dispersants in hexane were
found to be sensitive to the size (i.e. number of secondary amines) of the polyamine.
Decreasing the size of the polyamine from pentaethylenehexamine to
tetraethylenepentamine resulted in an increase of the CMC from 12 to 19 μM and an
increase of Nagg from 3 to 5 molecules. Decreasing the size of the polyamine further to
diethylenetriamine eliminated micellization entirely. Although the solution properties of
PIBSI are important to consider, the interactions of the PIBSI dispersant with the
adsorbent surface are of particular interest as these interactions can have a profound
effect on the overall dispersion of the adsorbent.
Interactions of PIBSI dispersants with model carbonaceous materials, namely
carbon black, has been extensively investigated.1,12,18-20 Several aspects of PIBSI
dispersants, including architecture and composition of the polar moiety, and the effect of
these aspects on the adsorption process have been examined. The adsorption of PIBSI
dispersants of traditional architecture, i.e., those consisting of a single polyamine moiety
imidized to one or more PIB tails, onto the surface of carbon black have been generally
found to comport with the Langmuir model of adsorption. Several authors have
identified a secondary adsorption regime (di-Langmuir adsorption) attributed to the
formation of PIBSI dispersant micelles, which compete with the adsorption of free PIBSI
dispersants at the carbon black surface.12,18 The Langmuir model for adsorption is a
powerful tool for analysis of PIBSI dispersants, as the affinity of adsorption and quantity
of dispersant adsorbed can be easily calculated to provide an insightful view into the
adsorption process. For PIBSI dispersants of traditional architecture, the maximum
amount of dispersant adsorbed onto the carbon black surface decreases with an increase
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in the size of the polyamine moiety; whereas the affinity, or strength of the adsorption,
increases with increasing polyamine size.12
Acidic sites (carboxylic acids, lactones, phenols, etc.) are known to be present on
the surface of carbon black, and the adsorption of PIBSI dispersants has been found to be
enthalpically driven by acid-base interactions of the amines and acidic sites.18,21,22
Binding of the dispersants to the carbon black surface is viewed as irreversible due to the
multifunctionality of the polyamine; however amines of lower nucleophilicity adsorb
more weakly and are unable to bind to all available acidic sites.18 Although acid-base
interactions between the dispersant and carbon black surface, along with dipole-dipole
interactions and hydrogen bonding, are the main mechanisms for PIBSI adsorption,18
other modes of adsorption, which have received less attention, are also operable.
Recently, we investigated the use of PIB-based dispersants containing terminal polar
moieties of varying aromaticity; whereupon a dependence on the adsorption process with
chain-end aromaticity was identified.1 Upon reaching a critical size of the terminal arene,
a significant increase in the maximum amount of dispersant adsorbed and affinity for
adsorption was found. This was presumed to be due to favorable π-π interactions
between the carbon black and dispersant, and that below this critical arene size, no
significant differences are observed.
Recently we became interested in electrostatic (ionic) interactions as yet another,
alternative mode of absorption of dispersant moieties onto carbonaceous surfaces. In
particular, we were interested in exploring the use of dispersants based on ionic liquids
(IL), as a large number of reports have discussed the use of IL for the inhibition of
asphaltene aggregation in crude oil.23-30 IL are salts that exist in the liquid state down to
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relatively low temperatures (<100C). Their use in a number of application areas, as
solvents, dispersants, catalysts, electrolytes, etc., has been proposed due to their many
advantageous properties, including low melting points, low vapor pressures, excellent
thermal stabilities, ease of tunability of properties such as solvency, and ease of
preparation.31,32 Consistent with the increasing interest in IL, there have been several
studies in recent years involving the chain-end functionalization of PIB with ionic liquid
moieties to prepare polyisobutylene-based ionic liquids (PIB-IL).33-36 These studies have
focused on investigating the bulk characteristics of PIB-IL including the hierarchical
structure, viscoelastic behavior, molecular relaxations, and charge transport properties
that arise from the ionic moiety. However, to the best of our knowledge, the electrostatic
interactions of IL, including PIB-IL, with soot (or a model therefor, such as carbon black)
have yet to be elucidated, particularly as they relate to the dispersion of carbonaceous
materials in non-polar media.
Herein, we report the synthesis and characterization of a family of PIB-IL
dispersants to elucidate the dependence of PIB-IL electrostatic characteristics, including
hydrophobicity and effective charge density of the cations and anions, on their selfassembly into reverse micelles and adsorption onto the surface of carbon black. As
shown in Scheme 4.1, low molecular weight, primary bromide-terminated PIB (PIB-Br)
served as a common precursor and was fitted with three different cations,
methylimidazolium (MIM), pyridinium (PYR), and isoquinolinium (ISO) representing a
range of molar volumes, and therefore, charge densities. In addition, the counterion of
imidazolium-terminated PIB was varied among four different anions (Br, BF4, PF6, and
TFSI). Characterization of the PIB intermediates and PIB-IL dispersants was carried out
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by NMR, GPC, TGA, and MALDI-TOF-MS. Micellization of the PIB-IL in non-polar
media and characteristics thereof (hydrodynamic radius (Rh), aggregation number (Nagg),
and critical micelle concentration (CMC)) were investigated by static (SLS) and dynamic
light scattering (DLS). Qualitative adsorption of PIB-IL onto carbon black was
confirmed by FTIR and TGA measurements. Affinity for and adsorption onto carbon
black of PIB-IL were investigated utilizing Langmuir adsorption isotherms generated by
UV-VIS supernatant depletion assay. From the parameters obtained by the Langmuir
adsorption isotherms, the spatial arrangement of PIB-IL on the carbon black surface was
elucidated.

Scheme 4.1 PIB-Br precursor and PIB-IL dispersants comprised of cations and anions of
varying molar volumes.
4.3 Experimental
4.3.1 Materials
Hexane (anhydrous, 95%), titanium tetrachloride (TiCl4; 99.9%,), 2,6-lutidine
(redistilled, 99.5%), (3-bromopropoxy)benzene (96%), toluene (anhydrous, 99%),
methanol (anhydrous, 99.8%), dodecane (99%), acetone (anhydrous, 99%), sodium
trifluoroacetate (NaTFA; 98%) lithium tetrafluoroborate (LiBF4; 96%), lithium
bis(trifluoromethane)sulfonimide (LiTFSI; 99%), lithium hexafluorophosphate (LIPF6;
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98%), 1-methyl imidazole (99%), pyridine (99.8%), potassium bromide (KBr; FTIR
grade) methylene chloride-d2 (CD2Cl2; 99.8%), and chloroform-d (CDCl3) were
purchased from Sigma-Aldrich Co. and used as received. Isoquinoline (97%),
tetrahydrofuran (anhydrous, 99%), and methylene chloride (CH2Cl2; 99.9%) were
purchased and used as received from Fisher Scientific.
Vulcan XC-72R carbon black was purchased and used as received from Fuel Cell
Store. trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
was purchased from Tokyo Chemical Industry Co. and used as received. Isobutylene
(IB; 99%) and methyl chloride (99.5%) (both Gas and Supply Co., Hattiesburg, MS)
were dried by passing the gaseous reagent through a column of CaSO4/molecular
sieves/CaCl2 and condensing within a N2-atmosphere glovebox immediately prior to use.
2-Chloro-2,4,4-trimethylpentane (TMPCl) was prepared by bubbling HCl gas through
neat 2,4,4-trimethyl-1-pentene (99%, Sigma-Aldrich) at 0 oC. The HCl-saturated TMPCl
was stored at 0 oC and, immediately prior to use, neutralized with NaHCO3, dried over
anhydrous MgSO4, and filtered.
4.3.2 Instrumentation
Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz
Varian Mercuryplus NMR (VNMR 6.1C) spectrometer. Standard 1H and 13C pulse
sequences were used. Composite pulse decoupling was used to remove proton coupling
in 13C spectra. All 1H chemical shifts were referenced to TMS (0 ppm). Samples were
prepared by dissolution in CD2Cl2 (20–50 mg·mL-1) and charging this solution to a 5 mm
NMR tube.
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Number-average molecular weight (Mn) and polydispersity (PDI = Mw/Mn) of the
PIB-Br precursor were determined using a gel-permeation chromatography (GPC) system
consisting of a Waters Alliance 2695 separations module, an online multi-angle laser
light scattering (MALLS) detector fitted with a 20 mW laser operating at 658 nm
(miniDAWN TREOS, Wyatt Technology Inc.), an interferometric refractometer (Optilab
rEX, Wyatt Technology Inc.) operating at 35 oC and 685 nm, and two PLgel (Polymer
Laboratories Inc.) mixed E columns (pore size range 50-103 Å, 3 μm bead size). Freshly
distilled THF served as the mobile phase and was delivered at a flow rate of 1.0 mL·min1

. Sample concentrations were 5-10 mg of polymer·mL-1 of THF, and the injection

volume was 100 μL. The detector signals were simultaneously recorded using ASTRA
software (Wyatt Technology Inc.), and absolute molecular weights were determined by
MALLS using the dn/dc calculated from the refractive index detector response (0.1050
mL g-1) and assuming 100% mass recovery from the columns.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) was performed using a Bruker Microflex LRF MALDI-TOF mass
spectrometer equipped with a nitrogen laser (337 nm) possessing a 60 Hz repetition rate
and 50 μJ energy output. PIB intermediates and PIB-IL samples were prepared using the
dried droplet method. For PIB-IL, separately prepared THF solutions of DCTB (20
mg·mL-1 ) and PIB-IL sample (10 mg·mL-1 ) were mixed in a volumetric ratio of
matrix/sample 4:1, and a 0.5 μL aliquot was applied to a MALDI sample target for
analysis. PIB intermediates (PIB-Br and PIB-Im) did not contain an inherent charge and
so were mixed with AgTFA or NaTFA (10 mg·mL-1) in a volumetric ratio of
matrix/sample/cationizing agent of 4:1:0.2. Spectra were obtained in the positive ion
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mode utilizing the reflector mode microchannel plate detector and were generated as the
sum of 1000 shots.
Real-time ATR-FTIR monitoring of isobutylene polymerizations was performed
using a ReactIR 4000 (Mettler-Toledo) integrated with a N2-atmosphere glovebox
(MBraun Labmaster 130). Isobutylene conversion during polymerization was determined
by monitoring the area, above a two-point baseline, of the absorbance centered at 887 cm1

, associated with the =CH2 wag of isobutylene.
Thermogravimetric analysis (TGA) experiments were performed on a Q50 (TA

Instrument) thermogravimetric analyzer. The furnace atmosphere was defined by 40
mL·min-1 nitrogen. Samples were prepared by loading a platinum sample pan with 10–
20 mg of material. The samples were subjected to a temperature ramp of 10 oC·min-1
from 20 oC to 600 oC. The onset and midpoint degradation temperatures of PIB samples
were determined from the 5 wt % and 50 wt % loss temperatures, respectively, measured
from the plateau reached after residual solvent loss. A qualitative TGA thermogram was
used to identify the adsorption of a representative PIB-IL, [PIB-ISO][Br] onto the surface
of carbon black. Vulcan XC-72R carbon black (15 mg·mL-1) was dispersed in dodecane
with [PIB-ISO]]Br] (25 mg·mL-1). After rinsing the carbon black with hexane, the
dispersed carbon black was dried under vacuum and analyzed by TGA.
Fourier transform infrared (FTIR) spectroscopy was used to characterize the
surface of Vulcan XC-72R carbon black and to determine the presence of adsorbed PIBIL dispersant on the carbon black surface. Vulcan XC-72R carbon black (75 mg)
dispersed in dodecane with [PIB-ISO][Br] (10 mg·mL-1) was used. After washing the
carbon black with an excess of hexanes to remove any non-adsorbed dispersant, the
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dispersed carbon black sample, potassium bromide, and virgin Vulcan XC-72R carbon
black were dried overnight under vacuum at 120 oC. Dry potassium bromide (600 mg)
was ground in a mortar and pestle with 1 mg of carbon black sample until a homogenous
powder was attained. A pellet for FTIR was attained by pressing the mixture under 5000
PSI for 5 minutes using a mechanical press. FTIR spectra were acquired using a Nicolet
8700 spectrometer and Omnic software. Spectra were taken with a resolution of 4 cm−1
by accumulating a minimum of 256 scans per run. Nitrogen was constantly purged
through the attachment to reduce interference of CO2 and water.
Variable angle dynamic light scattering (DLS) measurements were performed to
characterize the critical micelle concentration (CMC) and hydrodynamic radius (Rh) of
each PIB-IL dispersant. Autocorrelation functions were measured using a Brookhaven
Instruments BI-200SM goniometer equipped with an avalanche photodiode detector and
TurboCorr correlator. Solutions of PIB-IL dispersant in dodecane were prepared over a
range of concentrations from 5×10-3 to 40 mg·mL-1. Solutions were filtered through a 0.2
μm PTFE filter directly into a scattering cell and measurements were made using incident
light at 633 nm generated from a Spectra Physics Model 127 HeNe laser operating at 40
mW. The relaxation time (τ) was extracted from the autocorrelation functions using
Brookhaven CONTIN analysis software from which a decay rate (Γ), which is inversely
proportional to τ, was obtained. All data reported correspond to the average of three
measurements and represent the average decay rate. To obtain the CMC, scattering was
measured at an angle of 90o to create a plot of detected counts vs. concentration. The
linear regimes observed at both low and high concentrations were fitted by linear
regression, and the CMC was defined as the intersection of those two fitted lines. To
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obtain the hydrodynamic radius of the micelles, the angular dependence of the decay rate
for samples at 10 mg·mL-1 was measured. Apparent diffusion coefficients (Dapp) were
obtained from the slope of a plot of decay rate () versus the scattering vector (q2) as
defined by Eq. 4.1.
Γ = Dapp q 2

(4.1)

Scattering vector quantities were calculated according to Eq. 4.2,

q=

4 n

 
sin  

2

(4.2)

where λ is the wavelength of the incident light (633 nm),  is the scattering angle (60o,
75o, 90o, 105o, and 120o), and n is the refractive index of dodecane (1.421). The
hydrodynamic radius (Rh) was then calculated from the Stokes−Einstein equation, Eq.
4.3,

Rh =

k BT
6 Dapp

(4.3)

where kB is the Boltzmann constant, T is the temperature, and η is the viscosity of
dodecane at 25 oC.
Variable concentration static light scattering (SLS) measurements were performed
to characterize the weight average molecular weights (Mmicelle) of the PIB-IL micelles
using the Debye Equation,37 Eq. 4.4,

Kc
1
=
+ 2 A2c
R M micelle

(4.4)

where K is the optical constant, dependent on the refractive index of the micellar
solutions, c is the concentration of the sample, A2 is the second virial coefficient, and R is
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the ratio of scattered light intensity to incident light intensity. The refractive index
increment (dn/dc) of the micellar solutions, measured as the change in refractive index
with respect to concentration, was measured to be 0.1650 mL·g-1 using a Reichert ARIAS
500 refractometer (Figure C.1). Micellar solutions at five different concentrations
between 2-14 mg·mL-1 were measured and Mmicelle was calculated from the y-intercept of
a plot of Kc/R versus c. Debye plots were generated at angles of 80o, 90o, and 100o and
the average of these measurements is reported. Using Eq. 4.5, the aggregation number
(Nagg) of the PIB-IL micelles was then obtained by dividing Mmicelle by the weight average
molecular weight of the non-associated PIB-IL dispersant (Mw,PIB-IL). For these
calculations, all PIB-IL were assigned Mw,PIB-IL = 3.9 x103 g/mol, which was calculated as
the Mw of PIB-Br determined by GPC (3.8 x103 g/mol) plus the median molecular weight
of the various ionic moieties used (109 g/mol).

N agg =

M micelle
M PIB − IL

(4.5)

Dispersant adsorption onto Vulcan XC-72R carbon black via UV–Vis supernatant
depletion assay was carried out using a SpectraMax M3 Microplate Reader. Solutions (5
mL) ranging from 0.1 to 25 mg·mL-1 of dispersant were prepared in dodecane followed
by the addition of Vulcan XC-72R (75 mg) carbon black. The solutions were sealed and
agitated for 15 min followed by ultrasonication for 5 min, and subsequently left on a
continuous rotating mixer overnight for 16 h to achieve suitable dispersion of the carbon
black. Carbon black was separated from the supernatant by filtration of the samples
using a 0.2 μm polytetrafluoroethylene (PTFE) filter. To ensure no selective adsorption
of the dispersants on the filter, solutions of oil and dispersant (lacking carbon black) were
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passed through the filters and UV-Vis measurements were performed and compared
before and after filtration. The absorbance appearing at ~280 nm, from the incorporation
of the aromatic ring associated with the 3-phenoxypropyl tether at the PIB chain end, was
used to quantify the remaining dispersant concentration in the supernatant after exposure
to carbon black.
4.3.3 Synthesis of 3,300 g·mol-1 Primary Bromide-Terminated Polyisobutylene (PIBBr)
Monofunctional, primary bromide-terminated PIB (PIB-Br) (target Mn = 3,000
g·mol-1) was synthesized using living carbocationic polymerization and alkoxybenzene
end-quenching, according to methods described by Morgan et al.38. Polymerization of
isobutylene, utilizing 2-chloro-2,4,4-trimethylpentane (TMPCl) as an initiator, was
carried out within a N2-atmosphere glovebox equipped with an integral, cryostated
heptane bath maintained at -55 oC. To a 1 L 4-neck round-bottom flask equipped with a
mechanical stirrer, ReactIR probe, and thermocouple were added sequentially 157 mL of
hexane, 235 mL of methyl chloride, 4.96 g (5.67 mL, 33.4 mmol) of TMPCl, and 0.19
mL (0.17 g, 1.6 mmol) of 2,6-lutidine. The mixture was allowed to equilibrate to -70 oC,
and then 131 mL (89.1 g, 1.59 mol) of isobutylene was charged to the reactor. The
mixture was re-equilibrated to -55 oC with stirring, and polymerization was initiated by
the addition of 0.79 mL (1.4 g, 7.2 mmol) of TiCl4. Once full monomer conversion had
been attained according to FTIR data (about 60 min), 10.5 mL (14.3 g, 66.7 mmol) of 3bromopropoxybenzene was charged to the reactor followed immediately by 13.8 mL
(23.9 g, 0.126 mol) of TiCl4. The quenching reaction was allowed to proceed for 4 h
upon which the catalyst was destroyed by addition of excess prechilled methanol (~75
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mL). The contents of the reaction flask were warmed to room temperature with stirring,
and methyl chloride was evaporated by venting the reactor to the atmosphere within a
fume hood. The resulting polymer solution was precipitated into methanol to remove Ti
salts and excess (3-bromopropoxy)benzene. The precipitate was collected by
redissolution in fresh hexane. The resulting solution was washed with methanol and then
DI water, dried over NaSO4, and then vacuum stripped. Residual solvent was removed
under vacuum at 40 oC to yield 3-phenoxypropylbromide-terminated PIB. The Mn and
Mw determined by GPC (Figure C.2) were 3.30 × 103 g·mol-1 and 3.9×103 g·mol-1,
respectively, and the PDI was 1.16.
4.3.4 General Procedure for the Synthesis of Ionic Liquid-Terminated
Polyisobutylene (PIB-IL’s)
Ionic liquid-terminated PIBs (PIB-IL) were prepared via direct quaternization of
the corresponding tertiary amine (1-methylimidazole, pyridine, or isoquinoline) with
PIB-Br. The initially formed PIB-IL thus possessed a bromide anion. Preparation of
PIB-IL using 1-methylimidazole, which is representative, was conducted as follows: To a
250 mL round bottom flask were charged a magnetic stirrer, 10 g (3.0 mmol) of PIB-Br,
and 100 mL of anhydrous toluene. Upon dissolution of the PIB-Br, 2.49 g (2.42 mL, 30
mmol) of 1-methylimidazole was charged to the reactor. The flask was then heated to
reflux under a blanket for N2 overnight. Once cooled to room temperature, toluene was
removed under vacuum, and the residual polymer was dissolved in a minimal volume of
fresh hexanes and precipitated into acetone. This procedure was repeated twice more
after which the PIB-IL was solvent stripped and dried under vacuum at 40 oC overnight
to yield a highly viscous polymer.
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4.3.5 General Procedure for the Anionic Exchange 1-methylimidazoliumTerminated Polyisobutylene
Anion exchange of 1-methylimidazolium-terminated PIB (PIB-MIM) was
conducted to produce a library of PIB-MIM with different anions. The procedure to
prepare [PIB-MIM][TFSI], which is representative, was as follows: A 50 mL round
bottom flask was charged with a magnetic stirrer, 20 mL of THF, and 4 g (1.2 mmol) of
PIB-MIM with a bromide counterion ([PIB-MIM][Br]). Once dissolved, 1.72 g (6.0
mmol) of lithium bis(trifluoromethane)sulfonimide was charged, and the solution was
stirred at room temperature for 3 days. The solution was then concentrated under
vacuum to remove THF, dissolved in fresh hexanes, and precipitated 3× into acetone.
The [PIB-MIM][TFSI] was then dissolved in fresh hexanes, filtered through a 0.2 μm
PTFE filter, and vacuum stripped at 40 oC to remove solvent. Additional anion exchange
of [PIB-MIM][Br] was performed with lithium tetrafluoroborate and lithium
hexafluorophosphate to afford [PIB-MIM][BF4] and [PIB-MIM][PF6], respectively.
Table 4.1 details the molar volumes of all ions and double bond equivalents (DBE) of all
cations used for this study.39,40 Molar volume is useful for the correlating charge density
of anions and cations while DBE is used describe the degree of unsaturation in the
cations.
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Table 4.1
Molar volumes and double bond equivalents (DBE) of ionic groups investigated

a

a

Ionic Group

Molar Volume (cm3·mol-1)

Double Bond Equivalent (DBE)

Isoquinolinium+

376.8

6.5

Pyridinium+

287.4

3.5

Imidazolium+

133.6

2.5

Br-

27.8

-

BF4-

53.4

-

PF6-

73.7

-

TFSI-

158.7

-

Molar volume estimated by addition of pyridinium+ and benzene (89.4 cm3·mol-1) molar volumes.

4.4 Results and Discussion
4.4.1 Synthesis and Characterization of PIB-Br and PIB-IL’s
All PIB-IL were synthesized from a common precursor, primary-bromide PIB
(PIB-Br), with a GPC molecular weight of 3.30 × 103 g·mol-1 (Figure C.2). The 1H NMR
spectrum of this polymer is shown in Figure 4.1A; it was synthesized via Friedel-Crafts
alkylation of (3-bromopropoxy)benzene with living polyisobutylene as described by
Morgan et al.38. Primary halides have been fitted to the chain-end of polyisobutylene via
a number of different methods, as described in literature;41-46 however the in situ
alkylation of alkoxybenzenes by living PIB provides for an especially simple, reliable,
and quantitative functionalization of the PIB chain-end in a single-pot transformation.38
Quantitative alkylation was confirmed by comparing the integration of the methylene
protons (peak c) of the ultimate isobutylene repeat unit to that of the aromatic protons
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(peak e) of the (3-bromopropoxy)phenyl end-group. A 1:1 integration ratio between peak
c:peak e was attained indicating that the PIB chain-ends were exclusively bromide.
PIB-Br was converted to PIB-IL in refluxing toluene overnight in the presence of
a tertiary amine (1-methylimidazole, pyridine, or isoquinoline) (Scheme 4.2). Alternative
routes to PIB-IL utilizing azido-telechelic PIB and alkyne-functional ionic liquids have
been detailed by Binder and coworkers.35,36 Quantitative conversion of PIB-Br to PIB-IL
was monitored by the shifting of peak h at 3.63 ppm to a new downfield signal,
dependent on the PIB-IL, and appropriate integration ratios between the IL group and
aromatic protons (peak d and peak e) of the propoxyphenyl tether group. 1H NMR
spectra of the PIB-IL [PIB-MIM][Br], [PIB-PYR][Br], and [PIB-ISO][Br] are shown in
Figure 4.1B, C, and D, respectively. Regardless of the identity of the IL moiety, all PIBIL were found to be no longer amenable to GPC characterization because of strong
interactions of the ion end groups with the column packing.

Scheme 4.2 Synthesis of imidazolium-terminated polyisobutylene with a bromide
counterion [PIB-MIM][Br] and subsequent anion exchange with various lithium salts.
Anion exchange of [PIB-MIM][Br] was performed in THF with an excess of
LiPF6, LIBF4, or LiTFSI salts to create a library of PIB-MIM dispersants with varying
anions. Successful counterion exchange was confirmed by monitoring the shifting of
peak i, corresponding to the methine proton of the imidazolium ring initially appearing at
10.84 ppm in [PIB-MIM][Br]. Upon substitution with PF6, BF4, or TFSI counterions,
peak i quantitatively shifted to 8.58 ppm, 8.93 ppm, or 8.92 ppm, respectively. 1H NMR
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spectra demonstrating the shift of peak i are shown in Figure C.3. Anion metathesis with
the TFSI anion was also confirmed by 13C NMR spectroscopy. Signals corresponding to
the TFSI counterion were observed at 117.6, 121.9, and 126.1 ppm as shown in Figure
4.2 (top). These signals are noticeably absent from the 13C NMR spectrum of [PIBMIM][Br] shown in Figure 4.2 (bottom).

Figure 4.1 1H NMR (300 MHz, CD2Cl2, 23 oC) spectra of PIB-based dispersants,
containing varying ionic liquid end-groups and varying counterions, and the PIB-Br
precursor from which they are derived.
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Figure 4.2 13C NMR (300 MHz, CDCl3, 23 oC) spectra of [PIB-MIM][Br] (bottom) and
[PIB-MIM][TFSI] (top) demonstrating the appearance of signals corresponding to the
TFSI counterion after anion metathesis.
Structural characterization of the PIB-IL was also performed by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry. The MALDI-TOF mass
spectra of [PIB-MIM][Br] (top) and [PIB-PYR][Br] (bottom) are shown in Figure 4.3,
and the MALDI-TOF mass spectra of [PIB-ISO][Br] and PIB-Br are detailed in Figure
C.4 and Figure C.5. Each sample displayed a single distribution of polymeric species,
each homologue differing from the next only by the molecular weight of an isobutylene
repeat unit (56.1 Da). The observed signals for PIB-IL correspond to solely the PIB-IL
and do not carry a counterion. A counterion (Na+) was necessary for PIB-Br as these
polymers are not inherently charged.
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Figure 4.3 MALDI-TOF mass spectrum of [PIB-MIM][Br] (top) and [PIB-PYR][Br]
(bottom), prepared by the dried droplet method using DCTB as the matrix and THF as the
solvent.
The data from each mass spectrum were analyzed by linear regression of a plot of
the mass-to-charge ratio (m/z, assumed to be 1), measured at the maximum of each peak
of the major distribution, versus degree of polymerization (Xn), as shown in Figure C.6.
The slope of this plot is theoretically equivalent to the exact mass of the isobutylene
repeat unit, 56.106 Da. The y-intercept is theoretically equivalent to EG + I + C, where
EG is the exact mass of the PIB end group, I is the exact mass of the TMPCl initiator
residue (C8H17), and C is the exact mass of the associated Na cation (22.98 Da).
MALDI-TOF MS for PIB-Br and PIB-IL are summarized in Table 4.2.
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Table 4.2
Comparison of MALDI-TOF MS Data of PIB-Br and PIB-IL Dispersants

a

Sample

Mn
(MALDI)

PDI
(MALDI)

EG MWtheo

EG
MWexpt

Difference

Mru

PIB-Bra

1,950

1.02

237.09

241.06

3.97

56.13

[PIB-MIM][Br]

1,904

1.03

216.29

215.20

1.09

56.11

[PIB-ISO][Br]

2,012

1.03

263.35

260.48

2.87

56.19

[PIB-PYR][Br]

1,944

1.03

213.29

213.51

0.22

56.08

Originating from NaTFA cationizing agent

Thermogravimetric analyses of PIB-Br and PIB-IL are summarized in Figure 4.4
and Table 4.3. Minimal effect of the counterion on the decomposition profile of PIBMIM (Figure 4, top) was observed except for the bromide counterion. [PIB-MIM][Br]
exhibited an earlier, minor, broad decomposition process that merged smoothly into the
main decomposition process for the PIB backbone. PIB-MIM carrying TFSI, PF6, and
BF4 counterions did not show this earlier process. All PIB-MIM exhibited a similar
decomposition process for the PIB backbone with midpoint decomposition temperatures
within a narrow range from 397 oC to 405 oC. [PIB-PYR][Br] and [PIB-ISO][Br]
exhibited similar decomposition profiles to each other (Figure 4.4, bottom), consisting of
a minor decomposition process beginning at ~215 oC, followed by the major
decomposition process for the PIB backbone. Binder and coworkers observed a similar,
early decomposition of PIB-IL close to this temperature range and suggested that it
represents dealkylation of the cationic moiety by the nucleophilic bromide
counterion.38,47 We agree with this interpretation, and the behavior observed in Figure
4.4 suggests that the isoquinolinium and pyridinium cationic moieties are more readily
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displaced compared to imidiazolium, and that the nucleophilic Br counterion more
readily promotes dealkylation as compared to less nucleophilic BF4, TFSI, and PF6
counterions. In general, however, the overall decomposition profiles (degradation
temperature and rate of degradation) of PIB-IL are dominated by the thermal properties
of polyisobutylene as the IL groups of the PIB-IL comprise 5 wt % or less.

Figure 4.4 Thermogravimetric analysis displaying the effect of counterion and chain-end
identity on the thermal stability of PIB-IL.
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Table 4.3 Effect of PIB-IL Anion and Cation on the Decomposition (Td) and Glass
Transition (Tg) Temperatures
Sample

Td, onset
(o C)

Td, midpoint
(o C)

PIB-Br

344

390

[PIB-PYR][Br]

269

402

[PIB-ISO][Br]

281

400

[PIB-MIM][Br]

319

405

[PIB-MIM][TFSI]

364

397

[PIB-MIM][BF4]

354

401

[PIB-MIM][PF6]

356

401

4.4.2 Characterization of the Associative Properties of PIB-ILs in Dodecane by
Light Scattering
Polyisobutyluene succinimide (PIBSI) dispersants, which do not carry a charge,
self-assemble into reverse micelles within non-polar media by interaction of the polar
amine groups. This association was found to be dependent on the size of the polyamine
moiety and to weaken adsorption onto the surface of carbon black at concentrations
above the critical micelle concentration (CMC).12 Unlike PIBSI dispersants, however,
PIB-IL do carry a charge and so the interaction and self-assembly of PIB-IL dispersants
are anticipated to be dependent on the electrostatic characteristics of the cation and anion.
It was therefore of interest in this study to characterize the association of PIB-IL
dispersants in non-polar media, and to compare the findings to those of PIBSI
dispersants. Although the association of individual PIB-IL is unfavorable from an
entropic viewpoint, there is a thermodynamic driving force for reverse micelle formation
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in non-polar media. Important characteristics needed to understand a micellar system
include the CMC, hydrodynamic radius (Rh), and the aggregation number (Nagg) of the
micelles. The CMC is defined as the concentration at which the formation of micelles
occurs and is associated with the abrupt transition for a number of physical properties of
the system including surface tension48, conductivity49, and turbidity50. A number of other
methods are also well-suited for the study of reverse micelles including fluorescence
spectroscopy,11 small angle x-ray scattering (SAXS),17 conductivity,51 static/dynamic
light scattering (SLS/DLS),52 transmission electron microscopy (TEM),53 and transient
current.54

Figure 4.5 Detected counts (θ = 90o) as a function of concentration of PIB-IL of varying
anion demonstrating the identification of the CMC corresponding to reverse micelle
formation.
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Figure 4.6 Decay rate (Γ) as a function of scattering vector (q2) for PIB-IL of varying
anion molar volume from which the apparent diffusion coefficient (Dapp) can be
determined from the slope and subsequently the hydrodynamic radius (Rh) of the PIB-IL
micelles.
To obtain a quantitative understanding of the aggregation behavior of PIB-IL,
dynamic light scattering (DLS) characterization of the micellar solutions at 25 oC was
conducted. Dodecane was chosen as the solvent due in part to the similarity of its
rheological characteristics to those of lubricating oils. In addition, dodecane is a nonvolatile solvent, which aided in minimizing error arising from changes in concentration
due to solvent evaporation. At low concentrations (< 2 mg·mL-1), the intensity of
scattered light (kilocounts per second) was very low and nearly constant (~3-4 kcps).
Furthermore, no autocorrelation function could be fit to the scattered light, which
exhibited very poor resolution (signal-to-noise), and consequently, no size distribution
data could be obtained. Upon reaching the CMC, generally close to 2 mg·mL-1, the
intensity of scattered light steadily increased with increasing concentration.
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Autocorrelation functions could be modeled to the scattered light to obtain the effective
diameter at each concentration. Plots of detected counts at  = 90o as a function of
concentration of PIB-IL of varying anion molar volume are shown in Figure 4.5; while
those of PIB-IL of varying cation molar volume are shown in Figure C.7. The linear
regimes observed at both low and high concentrations were fitted by linear regression,
and the CMC was defined as the intersection of those two fitted lines. Micelle size
distributions, in terms of effective micelle diameter as obtained by DLS, are presented in
Figure C.8-C.13. As observed in Figure 4.5 and detailed in Table 4.4, the CMC of PIBIL dispersants were within the concentration range of 611-662 μM and were effected
more strongly by the molar volume of the anion as opposed to the cation. Interestingly,
the CMC values for PIBSI, as reported by Duhamel and Shen, were nearly 2 orders of
magnitude smaller.12 Thus, the CMC values of PIB-IL are much closer to those of
common surfactants, e.g., sodium 1,4-bis(2-ethylhexyl)sulfosuccinate (AOT), which has
a CMC of 900 μM in hexane.12 Such high CMC values of PIB-IL as compared to PIBSI
may be due in part to electrostatic repulsion from the ionic groups.
Shown in Figure 4.6 is the dependence of the decay rate (Γ) of the scattered light
as a function of the scattering vector (q2), which itself is dependent on the scattering
angle, for PIB-IL of varying anion molar volume. Similar plots for PIB-IL of varying
cation molar volume are shown in Figure C.14. The hydrodynamic radii of the PIB-IL
micelles ranged from 5.3-6.7 nm, which interestingly, is similar to the dimensions of
clustered aggregates of PIB-IL in the bulk (6.9-7.6 nm) identified by Binder.36
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Figure 4.7 Debye plots for PIB-MIM of varying anions from which the molecular weight
of the inverse micelles (Mmicelle), and subsequently aggregation numbers (Nagg), could be
determined from.
Although the CMC and hydrodynamic radius of the PIB-IL micelles are important
parameters, one cannot quantitatively conclude from these parameters the average
number of dispersant molecules which comprise a micelle. To address this question,
static light scattering (SLS) was employed. Debye plots, which detail the dependence of
scattered light at varying concentrations for a sample, were composed, and the weight
average molecular weights of the PIB-IL micelles, Mmicelle, were calculated as described
in Eq. 4.4 and 4.5. Debye plots for PIB-MIM micelles of varying counteranion molar
volume are shown in Figure 4.7; while Debye plots for PIB-IL of varying cation molar
volume and bromide counteranions are shown in Figure C.15. Confidence in the
molecular weights measured from the Debye plots was high in view of r2 values all very
close to 1. Furthermore, Mmicelle was nearly concentration independent, at least over the
concentration range measured. Mmicelle varied dramatically for PIB-MIM dispersants of
varying anions, decreasing in the following order: [PIB-MIM][Br] (46.7×103 g·mol-1),
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[PIB-MIM][BF4] (32.3×103 g·mol-1), [PIB-MIM][PF6] (30.4×103 g·mol-1), and [PIBMIM][TFSI] (16.9×103 g·mol-1). Consequently, Nagg also varied dramatically (4-12
molecules) for PIB-MIM of varying anions as Nagg scales proportionally with Mmicelle.
Interestingly, this dramatic variation in Mmicelle and Nagg was not observed for PIB-IL of
varying cations, for which Nagg ranged between 11-14. In general, Nagg of PIB-IL are
larger than those of PIBSI, which had aggregation numbers ranging from 3-5.12
Table 4.4
Effect of Anion and Cation Identity on PIB-IL Micellization Characteristics
Sample

CMC
(μM)

Rh (nm)

Dapp × 1011
(m2·s-1)

Mmicelle × 10-3
(g·mol-1)

Nagg

A2 × 104

[PIB-ISO][Br]

634 ± 2

6.2 ± 0.2

3.49 ± 0.1

44.4 ± 0.4

11.4 ± 0.1

1.92 ± 0.2

[PIB-PYR][Br]

612 ± 1

6.7 ± 0.1

3.24 ± 0.1

55.4 ± 0.6

14.2 ± 0.2

2.01 ± 0.1

[PIB-MIM][Br]

611 ± 1

6.6 ± 0.2

3.29 ± 0.1

46.7 ± 0.5

12.0 ± 0.2

2.92 ± 0.3

[PIB-MIM][BF4]

635 ± 2

6.3 ± 0.2

3.43 ± 0.1

32.3 ± 0.5

8.3 ± 0.2

2.46 ± 0.2

[PIB-MIM][PF6]

629 ± 2

6.2 ± 0.1

3.52 ± 0.1

30.4 ± 0.3

7.8 ± 0.1

3.19 ± 0.2

[PIB-MIM][TFSI]

662 ± 3

5.3 ± 0.2

4.09 ± 0.2

16.9 ± 0.4

4.3 ± 0.1

3.14 ± 0.8

Figure 4.8 shows no positive correlation between the micellar characteristics of
PIB-IL and cation identity. In fact, although the size (molar volume) of the cationic
groups decreases from isoquinolinium (ISO) > pyridinium (PYR) > 1-methylimidazolium (MIM), poor or no correlation was observed between cation size and CMC,
Rh, Mmicelle, or Nagg. In contrast, strong correlations were apparent between anion identity
and various micelle parameters. The CMC of PIB-MIM increased as the counterion was
changed from Br < BF4 ≈ PF6 < TFSI. This trend was in the opposite direction for
changes in Rh, Mmicelle, and Nagg, whereby Br > BF4 ≈ PF6 > TFSI. Although the molar
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volumes of the anions do vary, we do not believe that the changes in the associative
characteristics of PIB-IL with varying anion character are due to molar volume
differences. If this were the case, one would have expected correlations to cation molar
volume changes. Rather, we hypothesize that the relative hydrophilicities of the anions
are responsible for the observed trends. The hydrophobicity of the anions used in this
study decreased in the following order: TFSI > PF6≈ BF4 > Br. For reverse micelle
formation, isolation of the hydrophilic group of an amphiphile from the non-polar solvent
is the driving force for micellization.55,56 Invoking this line of reasoning, the observed
trends for the associative characteristics of PIB-IL qualitatively agree with changes in the
anion hydrophobicity. PIB-IL with a hydrophobic TFSI anion would have less driving
force for micellization as compared to a hydrophilic Br anion. To further support this, it
would not be anticipated that varying the cation among isoquinolinium, pyridinium, and
1-methylimidazolium would alter their relative hydrophobicities, and as such, no
dependence on the associative characteristics of PIB-IL micelles as a function of the
cation would be anticipated. This reasoning is also emphasized in Figure C.16 which
details the CMC, Rh, Mmicelle, and Nagg for the micelles in this study as a function of the
octanol-water partition coefficient of 1-butyl-3-methylimidazolium ([BMIM][X])
analogues.57 In this manner, the relative hydrophilicity of the anions could be more
accurately represented and a similar trend to that in Figure 4.8 is observed.
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Figure 4.8 Correlation between variation of anion and cation of PIB-IL with respect to
aggregation number (top left), molecular weight (top right), critical micelle concentration
(bottom left), and hydrodynamic radius (bottom right) of PIB-IL micelles.
4.4.3 Adsorption of PIB-IL onto Vulcan XC-72R Carbon Black
Qualitative adsorption of [PIB-MIM][Br] onto the carbon black surface was
confirmed by TGA measurements as shown in Figure 4.9. The Vulcan XC-72R carbon
black was exceptionally stable with minimal weight loss up to 600 oC. Comparatively,
the dispersed Vulcan XC-72R carbon black exhibited a decomposition step centered at
400 oC which matches the decomposition temperature of the [PIB-ISO][Br] dispersant.
Qualitative adsorption of [PIB-ISO][Br] onto the surface of carbon black was also
confirmed by the appearance of stretches centered at 2,950 cm-1 in the FTIR spectrum of
Vulcan XC-72R after exposure to [PIB-ISO][Br] (Figure C.17).
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Figure 4.9 TGA thermogram of Vulcan XC-72R carbon black before and after exposure
to [PIB-ISO][Br].
To obtain a quantitative understanding of the effect of cation and anion identity
on the adsorption process of PIB-IL onto carbon black, Langmuir adsorption isotherms
were utilized. PIB-IL dispersant solutions were prepared at varying concentrations and
exposed to a known mass of Vulcan XC-72R carbon black, which has been used herein
as surrogate for the soot typically encountered in lubricating oil applications.58 Solutions
were mixed for a sufficient period of time, approximately 24 h, to ensure adsorption
equilibrium, upon which the supernatant, which contained free PIB-IL dispersant, was
separated from the carbon black by filtration. UV-VIS supernatant depletion assay, as
outlined by Armes et al.,59 was subsequently used to construct Langmuir isotherms used
to study the effect of anion and cation molar volume on the adsorption of PIB-IL
dispersants onto carbon black. Individual calibration curves, used to identify the
remaining concentration of free PIB-IL dispersant in the supernatant, were constructed
from UV absorbances for [PIB-ISO][Br] (338 nm), [PIB-PYR][Br] (265 nm), [PIB155

MIM][Br] (275 nm), [PIB-MIM][TFSI] (275 nm), [PIB-MIM][PF6] (275 nm), and [PIBMIM][BF4] (275 nm). These absorbances provide an effective method to monitor
dispersant concentration, and they arise from the aromatic chromophore present in the (3bromopropoxy)phenyl moiety and/or the aromatic cation associated with the IL moiety
itself (e.g. isoquinolinium). Other methods that have been used to quantify the remaining
PIB dispersant concentration include fluorescence,2 infrared spectroscopy,6,7 and pH
indicators;12 however UV-Vis provides for simple and quantitative characterization. A
complete theoretical background to Langmuir adsorption isotherms is provided in
Chapter II.
Langmuir adsorption isotherms, plotted on a mass basis, for PIB-IL dispersants
possessing various anions and cations are shown in Figure 4.10 and Figure 4.11,
respectively. Each PIB-IL exhibited traditional Langmuir isotherm behavior whereby the
mass of dispersant adsorbed continually increased with increasing Ce until reaching a
plateau. Qualitative interpretation of the isotherms indicated, based on the initial rates of
adsorption at low Ce and the magnitude of the plateau, that the adsorption process was
highly sensitive to changes in the identity of the cation. [PIB-ISO][Br] exhibited the
largest slope at low Ce and largest plateau followed by [PIB-PYR][Br] and lastly, [PIBMIM][Br]. In contrast, the adsorption isotherms constructed from PIB-MIM with
varying anions all exhibited similar rates of adsorption at low Ce and plateaus of similar
magnitude.
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Figure 4.10 Langmuir adsorption isotherms obtained by UV-VIS supernatant depletion
assay for PIB-IL dispersants, with varying cation identity, onto Vulcan XC-72R carbon
black from n-dodecane.

Figure 4.11 Langmuir adsorption isotherms obtained by UV-VIS supernatant depletion
assay for PIB-MIM dispersants, with varying anion identity, onto Vulcan XC-72R carbon
black from n-dodecane.
Langmuir adsorption isotherms were further analyzed to provide insight into
adsorption mechanisms, surface properties, and adsorbate affinities. Linearized
Langmuir isotherms for PIB-IL of varying cation molar volume, plotted according to Eq.
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2.2, are shown in Figure 4.12 while those of PIB-MIM dispersants with varying anion
molar volume are shown in Figure C.18. Monolayer adsorption capacities, qm , and
adsorption equilibrium constants, Ka , extracted from the linearized plots using linear
regression analysis, are listed in Table 4.5 along with the r2 values. Also listed are the
calculated number of molecules required for monolayer coverage, assuming that the
carbon black particles are approximated by a 50 nm sphere.

Figure 4.12 Comparison of linearized Langmuir isotherms for the adsorption of PIB-IL
dispersants, with varying cation identity, onto Vulcan XC-72R carbon black from ndodecane.
Utilizing the qm parameter obtained from the adsorption isotherms, spatial
arrangement and conformation of the adsorbed PIB-IL on the carbon black surface can be
gleaned by applying the Alexander-de Gennes polymer brush model which provides a
theoretical framework to understand the interaction and conformations of restricted
polymer chains at a surface.60,61 First, the surface area occupied by a single chain (  ),
which is the inverse of the polymer grafting density, is calculated from qm utilizing Eq.
4.6,
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=

1
qm NA

(4.6)

where NA is Avogadro’s number.62 The separation distance between each adsorbed
polymer chain (𝑑) is then approximated by Eq. 4.7,

d= 

(4.7)

in which d is taken as the square root of the area occupied by each chain.63 Although d
provides a tangible representation of the relative space between grafting points of the
polymer chains at the surface, it does not describe the conformation of the adsorbed
chains. Adsorbed polymers may exist in a mushroom regime or a brush regime
depending on the distance between adjacent chains.61,64-66 At low surface coverages,
polymer chains are sufficiently separated from one another and no lateral overlapping
occurs. However, as a result of lateral confinement, polymer chains begin to elongate
and extend away from the surface to prevent overlapping at increasing adsorbed surface
coverages (decreasing  ). Polymer chains exist in the mushroom regime when d is
greater than twice the Flory radius (Rf) of the adsorbed polymer, which is considered an
estimate of the polymer coil size.65,67 Conversely, the brush regime is encountered when
d is less than 2Rf. The Flory radius is given by Eq. 4.861,

R f = lN v

(4.8)

where l is the effective length of the isobutylene monomer (0.252 nm), N is the degree of
polymerization (~59), and v is 3/5, as dodecane is a good solvent for polyisobutylene
rather than a theta solvent (v = 1/2). Using these parameters, the Rf of the PIB-IL
dispersants is estimated as 2.91 nm and so any adsorbed PIB-IL dispersants with
separation distances less than 5.82 nm (2Rf) can be assumed to be in a brush
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configuration. Tabulated in Table 4.6 are d and  for each PIB-IL dispersant. The
height, or thickness, of the polymer chains that extend away from the surface can be
related to density of the adsorbed chains by Eq. 4.9,61
13

1
H = lN  


(4.9)

whereby there is a linear dependence of N on the brush thickness. For reference, the
contour length of the PIB-IL dispersants is 14.86 nm as given by Eq. 4.10.
L = lN

(4.10)

Table 4.5
Comparison of Thermodynamic Parameters for the Adsorption of PIB-IL Dispersants
onto Vulcan XC-72R Carbon Black from n-Dodecane

a

PIB-IL Dispersant

r2

qm
(mg·m-2)

Ka
(m3·mol -1)

Adsorbed
Moleculesa

[PIB-MIM][TFSI]

0.99

0.22

3.56

310

[PIB-MIM][BF4]

0.98

0.18

3.06

260

[PIB-MIM][PF6]

0.99

0.19

3.43

270

[PIB-MIM][Br]

0.98

0.23

4.15

330

[PIB-PYR][Br[

0.99

0.39

7.31

560

[PIB-ISO][Br]

0.98

0.87

11.0

1300

Number of adsorbed dispersant molecules per carbon black particle (50 nm sphere as stated by the manufacturer
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Figure 4.13 Correlation of anion and cation molar volumes, and consequently charge
density, on mass of adsorbed dispersant (qm) (left) and adsorption constant (Ka) (right) of
PIB-IL dispersants.

Table 4.6
Comparison of Conformational Parameters for the Adsorption of PIB-IL Dispersants onto
Vulcan XC-72R Carbon Black from n-Dodecane

a

PIB-IL Dispersanta

Area Occupied
(𝚺) (nm2·chain-1)

Separation
Distance (𝒅) (nm)

Brush Thickness (H)
(nm)

[PIB-MIM][TFSI]

25.3

5.03

5.06

[PIB-MIM][BF4]

30.1

5.49

4.78

[PIB-MIM][PF6]

29.0

5.38

4.84

[PIB-MIM][Br]

23.9

4.90

5.16

[PIB-PYR][Br]

14.0

3.74

6.17

[PIB-ISO][Br]

6.31

2.51

8.05

Flory radius estimated to be 2.91 nm as defined by Eq. 4.7. Adsorbed PIB-IL are in brush regime when d < 2Rf (5.82 nm)
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Figure 4.14 Correlation of anion and cation molar volumes, and consequently charge
density, on the separation distance (left) and brush height of adsorbed of PIB-IL
dispersants.
Adsorption of all PIB-IL dispersants onto carbon black was observed to fit the
linear models (Eq. 2.3) quite well, as indicated by r2 values close to 1. As shown in
Figure 4.13 and Figure 4.14, the adsorption parameters and spatial arrangement of PIBMIM dispersants are not overtly affected by the molar volume of the anion. PIB-MIM
dispersants carrying Br, BF4, PF6, and TFSI anions were investigated and the maximum
adsorption, qm , of these dispersants was found to be quite similar, approximately 0.180.23 mg·m-2. In turn, the spatial arrangement of these adsorbed dispersants is also very
similar, whereupon comparable occupied areas (  ) (23.9-30.1 nm2·chain-1), separation
distances (d) (4.90-5.49 nm), adsorption affinity constants (Ka) (3.06-4.15 m3·mol-1), and
number of adsorbed dispersant molecules (260-330 molecules) was identified. The lack
of discernible trends associated with changes in the anion molar volume is captured in
Figure 4.13 and Figure 4.14, where regression analysis of the adsorption and
conformational parameters yielded poor correlations (low r2 value). With moderate
surface coverages, [PIB-MIM][Br], [PIB-MIM][BF4], [PIB-MIM][PF6], and [PIB-
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MIM][TFSI] are believed to be in a weakly overlapping brush regime as defined by Rf <
𝑑 < 2Rf.
In contrast to the observed insensitivity toward changes in the anion, PIB-IL
dispersants of varying cation molar volumes, i.e., [PIB-MIM][Br], [PIB-PYR][Br], and
[PIB-ISO][Br], displayed distinct differences. Specifically, advantageous attributes of
the PIB-IL dispersant are associated with increasing molar volume of the cation (i.e.
decreasing cation charge density). As is evident from Figure 4.10, the adsorption process
is markedly effected by cation molar volume, whereby [PIB-ISO][Br] (0.87 mg·m-2)
adsorbed to a significant degree, followed by [PIB-PYR][Br] (0.39 mg·m-2), which
moderately adsorbed, and lastly [PIB-MIM][Br] (0.23 mg·m-2), which poorly adsorbed.
The adsorption affinity of PIB-IL noticeably increased with increasing cation molar
volume as [PIB-ISO][Br] exhibited the greatest Ka. Consequently, the spatial
arrangement of [PIB-ISO][Br], [PIB-PYR][Br], and [PIB-MIM][Br] also varied widely
as the occupied area () and separation distance (d) decreased with increasing cation
molar volume. From the Alexander-de Gennes theory, adsorbed [PIB-ISO][Br]
dispersants are believed to exist in highly extended brush conformations since the
measured separation distance, 2.51 nm, is less than that of Rf (2.91 nm). The
conformation of adsorbed [PIB-PYR][Br] (d = 3.74 nm) and [PIB-MIM][Br] (d = 4.90
nm) are in the weakly overlapping brush regime. The establishment of trends associated
with changes in the cation molar volume is exemplified in Figure 4.13 and Figure 4.14
whereby regression analysis of the adsorption and conformational parameters yielded
quite good correlations (R2 = 0.82-0.99). Taken as a whole, the data introduces the idea
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that the adsorption of PIB-IL dispersants onto carbon black are strongly correlated to, and
dominated by, interactions between the cation and the carbon black surface.
Studies utilizing ionic liquids and asphaltenes, which are lower molecular weight
polyaromatic hydrocarbons (PAHs) similar in structure to that of carbon black, have also
identified the profound importance of the structure of the cationic moiety.

Like

asphaltenes, carbon black is marked by a high degree of aromaticity, high polarity, and
exhibits a strong tendency to form aggregates through π-π interactions.58,68,69 Although
importance of low charge density of the cation is recognized, there has been a shift in
attributing the cation, rather than the anion, as being the predominant factor for binding of
the headgroup of amphiphiles to aromatics and PAH’s.23,27,70-74 The cationic group of ILs,
which is an electron-poor system, exhibits a π system capable of interacting with π
electrons of the aromatic core of PAHs.23,40,75 This cation-π interaction was most recently
investigated by Domínguez and coworkers for a variety of ionic liquids through theoretical
modeling, using density-functional theory and molecule dynamics, as well as
experimentally by rheological characterization of crude oils.40 The authors found that the
interaction energy between ionic liquids and PAHs was proportional to the aromatic
character and double bond equivalent (DBE) of the cation whereby an increase in DBE
provided for stronger interaction of the cation with the aromatic core of the asphaltene. 40
Similarly, [PIB-ISO][Br], [PIB-PYR][Br], and [PIB-MIM][Br] also exhibited strong
correlations of the adsorption and spatial arrangement parameters with the DBE values
(Table 4.1). Plots of these correlations are shown in Figure C.19 and Figure C.20. The
binding energy between metal cations and π-systems is greater for cations of smaller radii
(Li+ > Na+ > K+ > Rb+) due to a 1/r2 dependence of the Coulombic interaction, whereby
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smaller cations can approach and interact with the quadrupole more readily.76 Nitrogenous
cations (isoquinolinium, pyridinium, imidazolium) are planar, however, and can approach
the benzene quadrupole in an equal manner. Greater delocalization of the cation reduces
the overall moment of the cation to more closely match that of the aromatic quadrupole
moment (-33.3 × 10-40 C·m2) thus providing for better interaction.77

Figure 4.15 Micellization of [PIB-PYR][Br] in non-polar solvents lacking π-systems
(dodecane and cyclohexane) compared to benzene, which contains a π-system.
To support the hypothesis of PIB-IL interacting with the π-systems of the carbon
black surface, micellization and adsorption experiments utilizing [PIB-PYR][Br] were
performed with cyclohexane and benzene as non-polar solvents in place of dodecane.
Cyclohexane, a saturated six-membered ring, does not have a π-system with which [PIBPYR][Br] can interact; however benzene, a fully aromatic six-membered ring, does.
Therefore, preferential interaction of [PIB-PYR][Br] with benzene would be anticipated
to compete with both micellization of [PIB-PYR][Br] as well as adsorption of [PIBPYR][Br] to carbon black. Figure 4.15 demonstrates the profound influence of the
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cation-π interaction in which micellization was observed in both dodecane and
cyclohexane solvents; whereas no micellization was observed in benzene. With benzene,
the intensity of scattered light was very low and nearly constant (~6 kcps), even up to 10
mM, and no autocorrelation function could be fit to the scattered light. The pyridinium
cations were presumed to be adequately solvated through cation-π interactions with the
benzene solvent, thus mitigating the driving force towards micellization. In contrast,
micellization was observed in cyclohexane. The CMC, Rh, Mmicelle, and Nagg of the
micelles in cyclohexane were all lower in comparison to micelles formed in dodecane,
and this was believed to be a consequence of cyclohexane being a poorer solvent for the
PIB chains.
Table 4.7
Effect of Solvent on [PIB-PYR][BR] Micellization Characteristics
Solvent

CMC
(μM)

Rh (nm)

Dapp × 1011
(m2·s-1)

Mmicelle × 10-3
(g·mol-1)

Nagg

A2 × 104

Dodecane

612 ± 1

6.7 ± 0.1

3.24 ± 0.1

55.4 ± 0.6

14.2 ± 0.2

2.01 ± 0.1

Cyclohexane

514 ± 1

3.9 ± 0.1

5.64 ± 0.1

33.8 ± 0.4

8.7 ± 0.1

6.11 ± 0.6

Benzene

-

-

-

-

-

-

Influence of the PIB-IL dispersants on the size of the carbon black aggregates was
characterized by dynamic light scattering. Vulcan XC-72R, possessing a virgin particle
size of ~50nm, was dispersed in dodecane at a concentration of 15 mg·mL-1 in the
presence of each of the PIB-IL. The concentration of the PIB-IL dispersant was 25
mg·mL-1 to ensure that the amount of dispersant adsorbed was at the maximum capacity
(qm). Dispersion aliquots ~5-10 μL were diluted with dodecane (4 mL) and the effective
diameter of the carbon black aggregates were characterized. As shown in Figure 4.16
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and consistent with the trends observed for the Langmuir adsorption studies, greater
dispersion (i.e. smaller aggregates) was observed with increasing the molar volume of the
cation while minimal effect was observed with variation of the anion. Specifically,
carbon black aggregates in the presence of [PIB-ISO][Br] ranged from 198-201 nm while
those in the presence of [PIB-PYR][Br] and [PIB-MIM][Br] ranged from 210-216 nm
and 252-259 nm, respectively. Carbon black aggregates in the presence of PIB-MIM
dispersants with varying anions did not differ significantly with sizes ranging from 247271 nm. In correlating the Langmuir adsorption studies to carbon black aggregation,
greater brush thickness of the adsorbed dispersant, derived from greater amounts of
adsorbed dispersant on the carbon black surface, was theorized to provide better steric
hinderance to interparticle interactions and thus to limit carbon black aggregation.

Figure 4.16 Aggregate size of carbon black after dispersion in dodecane with various
PIB-IL.
4.5 Conclusions
We have demonstrated the synthesis and characterization of ionic liquidterminated PIB-IL dispersants from bromide-terminated polyisobutylene, possessing
various anions and cations. Quantitative functionalization with isoquinoline, pyridine, or
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1-methylimidazole to form PIB-IL was confirmed using NMR and MALDI-TOF
spectrometry. All PIB-IL exhibited similar decomposition profiles in TGA and similar
DSC responses. Only [PIB-MIM][TFSI] exhibited a secondary thermal transition in DSC
due to highly aggregated ionic clusters. The self-associative characteristics (Rh, Nagg,
Mmicelle, and CMC) of PIB-IL into reverse micelles in dodecane was investigated by static
and dynamic light scattering. PIB-IL were generally found to associate into reverse
micelles with hydrodynamic radii ranging from 5.3-6.7 nm at critical micelle
concentrations varying from 611-662 μM. The aggregation number of PIB-IL (4-14) was
found to be greater than that of traditional PIBSI dispersants (3-5). No substantial
differences for reverse micelle formation were observed upon variation of the cation;
however anion hydrophobicity appeared to have an influence whereby an increase in
anion hydrophobicity (Br < BF4 < PF6 <TFSI) led to a decrease in Rh, Nagg, Mmicelle and an
increase in the CMC. Qualitative adsorption of PIB-IL onto carbon black was confirmed
by FTIR and TGA measurements. Using Langmuir adsorption studies, the affinity for
and adsorption to carbon black of PIB-IL was characterized. PIB-IL adsorption with
carbon black occurred via cation-π interactions and was identified to be highly dependent
on the molar volume and double bond equivalent (DBE) of the cation and independent of
the anion. An increase in the molar volume of the cation (1-methylimidazolium <
pyridinium < isoquinolinium) resulted in greater adsorbed masses (qm), greater adsorption
affinities (Ka) and lower adsorbed chain separation distances (d). From the parameters
obtained by the Langmuir adsorption isotherms, insight into the spatial arrangement of
PIB-IL on the carbon black surface was elucidated. All PIB-IL dispersants were found to
be in the brush regime (d < 2Rf), whereby lateral interactions with neighboring adsorbed
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dispersants force the PIB chains to extend from the surface. Taken as a whole, this study
provides insight into how interactions of PIB-IL, either mutual or with carbon black, are
influenced by certain electrostatic characteristics provides an excellent starting point for
further studies regarding PIB-IL solution and adsorption studies.
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CHAPTER V – THERMALLY REVERSIBLE ELASTOMERS DERIVED FROM
BUTYL RUBBER
5.1 Abstract
Diels-Alder crosslinked PIB networks were prepared from PIB-Furan and PIBMaleimide macromers of varying molecular weight, functionality, and functional
equivalent weight. Well-defined macromers were prepared from the electrophilic
cleavage/alkylation of butyl rubber followed by facile reactions with furfuryl mercaptan
or furan-protected maleimide followed by deprotection. Homogenous mixing of
macromers in stochiometric amounts at 150 oC followed by curing at 50 oC allowed for a
simple method of producing optically clear films and tensile specimen. Solvent
extraction studies with THF revealed minimal extractions of less than 5 wt%, indicating
highly crosslinked PIB networks. Thermal reversibility of the macromers was measured
by qualitative solubility measurements in addition to differential scanning calorimetry
where the onset of thermal reversibility was identified as occurring at ~100 oC.
Viscoelastic properties were investigated by dynamic mechanical analysis where the
glass transition temperature and the storage modulus of the rubbery plateau at elevated
temperatures were measured. Original and recycled PIB networks (Figure 5.1)
underwent tensile measurements where it was found that the networks exhibited excellent
elastic properties that were significantly dependent on the molecular weight and
functional equivalent weight of the PIB macromers.
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Figure 5.1 Recycling of destroyed Diels-Alder crosslinked PIB networks
5.2 Introduction
Significant progress has been realized in the area of self-healing polymers in the
past several decades, particularly with respect to elastomers.1 Elastomers are
thermoplastic or lightly crosslinked rubbery materials, which can undergo exceptional
elongations with minimal deformation and are characterized by a low Young’s modulus
and high strain-at-break. These unique properties are used to advantage in a wide variety
of products including tires, drive belts, hoses, seals and gaskets, adhesives and sealants,
and fibers, and a common feature to these applications is the repetitive action that the
elastomer must undergo (stretch → retract → stretch).1 Although elastomers are
designed to undergo repeated reversible strains, fatigue becomes a significant limitation
of traditional, covalently-crosslinked elastomers as wear from thermal, mechanical, and
chemical sources damages the elastomer. This damage may be in form of backbone
oxidation, bond rupture and cleavage, or microcrack formation and propagation; all of
which limit the overall service lifetime of the elastomer. The development of self-healing
elastomers presents an opportunity to address this shortcoming of traditional elastomers
by incorporating an inherent mechanism to the polymer network to allow for re-bonding
of cleaved chains or mending of cracks.
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Polyisobutylene (PIB) is a fully saturated, hydrocarbon polymer that is frequently
employed in elastomeric applications due to advantageous properties such as strong
adherence, high flexibility, thermal, oxidative, and chemical stability, solvent resistance,
energy damping, and low gas permeability.2 PIB-based elastomers are typically derived
from butyl rubber, which is a copolymer of isobutylene (96-98%) and isoprene (2-4%)
and may be lightly crosslinked into a thermoset via vulcanization or can be simply used a
thermoplastic elastomer due to the high molecular weight of butyl rubber. However, both
of these modes offer distinct disadvantages as thermoplastic elastomers have minimal
mechanical strength due to the reliance on physical crosslinking while thermoset
elastomers have no recyclability and no mode for recovery at the end of a lifecycle.
Alternative mechanisms towards the preparation of PIB-based elastomers have
been extensively reported in literature. PIB (meth)acrylates have been photopolymerized
to create cross-linked networks as reported by Faust et al. where it was demonstrated that
photopolymerization of low-molecular-weight PIB(meth)acrylate proceeded smoothly
with double-bond conversions reaching up to ≥95%. PIB-based elastomers based off
segmented block copolymers (A-B-A) utilizing phase-separated PIB soft blocks and
polyamide3,4, styrenic5,6, polyurethane7, or β-alanine8 hard blocks have been reported.
More recently, PIB-based networks which are capable of self-healing have been
described in literature. Faust et al. prepared tri-functional PIB macromers with
umbelliferone end-groups, which were capable of either reversible photodimerization or
photoscission depending upon the wavelength of ultraviolet irradiation, either 365 nm
and 254 nm, respectively.9 In addition, Binder and coworkers have investigated PIB
networks that self-heal through dynamic supramolecular interactions (H-bonding or
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ionomeric) characterized by the thermoreversible formation of supramolecular
clusters.10,11 More recently, there has been significant interest in the utilization of butyl
rubber, rather than PIB homopolymer, towards the development of self-healing
elastomers. Böhme and coworkers have conducted extensive research into ionically
modified bromo-butyl rubber whereby the mechanical strength and self-healing
properties could be controlled through the molecular chain dynamics of the modified
rubbers.12 Mahmoud and coworkers have tentatively explored the crosslinking of butyl
rubber through with use of a bismaleimide crosslinker and the generation of a diene along
the butyl rubber backbone.16 However, their system is specific to butyl rubber only, and
it requires a small-molecule crosslinker.
Diels-Alder chemistry, described by Otto Diels and Kurt Alder in 1928, relies
upon the [4+2] cycloaddition of a diene with a dienophile and is an exceptionally
versatile chemistry for incorporation of thermally responsive and reversible
functionality.17 The Diels-Alder cycloaddition is a reversible reaction, and the
temperature at which cycloreversion occurs can be tailored by choice of the diene and
dienophile. A common diene-dienophile pair is furan-maleimide functionality, which is
characterized by the preponderance for cycloaddition at temperatures below 60 °C, the
onset of cycloreversion at temperatures greater than 60 °C, and complete cycloreversion
at temperatures above 110 °C.18 The Diels-Alder reaction does not liberate a small
molecule upon cycloreversion and fulfills many of the criteria for being considered a
“click reaction.”19
Herein, we report the synthesis, characterization, and mechanical testing of
thermally reversible, Diels-Alder crosslinked PIB-based thermosets from multifunctional
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PIB macromers prepared from butyl rubber. Recently, Campbell and coworkers have
leveraged the use of alkoxybenzenes, specifically 3-bromopropxybenzene, for the
preparation of multifunctional PIB homopolymers through the Lewis-acid catalyzed
“cleavage/alkylation” of butyl rubber.20 Functional polyisobutylene oligomers are
produced under conditions designed to promote backbone cleavage and subsequent
alkylation with an alkoxybenzene. This allows for the incorporation of labile bromidefunctionality along the PIB backbone in addition to significant reduction in molecular
weight of the butyl rubber. Multifunctional PIB was synthesized by electrophilic
cleavage/functionalization of butyl rubber and subsequent functionalization with pendant
maleimide or furan groups. Networks were cured by mixing PIB-Furan and PIBMaleimide macromers at elevated temperatures. Mechanical testing of the networks was
conducted to understand the effect of molecular weight, functional equivalent weight, and
degree of functionalization of the macromer on the physical and mechanical properties of
the Diels-Alder PIB networks, as well as to characterize the reversibility of the networks.
5.3 Experimental Section
5.3.1 Materials
Hexane (anhydrous, 95%), titanium tetrachloride (TiCl4; 99.9%,), (3bromopropoxy)benzene (96%), tetrahydrofuran (THF; 99.9%), methanol (anhydrous,
99.8%), potassium carbonate (K2CO3; 99%), acetone (99%), toluene (anhydrous, 99%),
furan (99%), furfuryl mercaptan (97%), sulfuric acid (H2SO4; concentrated), 1-methyl-2pyrrolidinone (NMP; 99.5%) methylene chloride-d2 (CD2Cl2; 99.8%), and chloroform-d
(CDCl3) were purchased from Sigma-Aldrich Co. and used as received. Sodium sulfate
(NaSO4; anhydrous), ethyl acetate (99%), diethyl ether (99%), 18-crown-6 (99%), and
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methylene chloride (CH2Cl2; 99.9%) was purchased and used as received from Fisher
Scientific. Maleimide (98%) was purchased and used as received from Ark Pharm.
Butyl rubber (EXXON™ Butyl 365) was obtained from ExxonMobil
Corporation, and determined by GPC/MALLS to have a number average molecular
weight (Mn) of 1.91 x 105 g·mol-1 and polydispersity index (PDI) of 1.66. The mole
fraction of isoprene (IP) comonomer units in the copolymer was determined to be 0.0230
(IB units per isoprene unit ≈ 42.5) from 1H NMR data. Butyl rubber (EXXON™ Butyl
068), also obtained from ExxonMobil Corporation, had a number average molecular
weight (Mn) of 3.37 x 105 g·mol-1, polydispersity index (PDI) of 1.29, and mole fraction
of isoprene (IP) comonomer units in the copolymer of 0.0108.
5.3.2 Instrumentation
Nuclear magnetic resonance (NMR) spectra were obtained using a 300 MHz
Varian Mercuryplus NMR (VNMR 6.1C) spectrometer. Standard 1H pulse sequences
were used. All 1H chemical shifts were referenced to TMS (0 ppm). Samples were
prepared by dissolution in CD2Cl2 (20-50 mg·mL-1) and charging this solution to a 5 mm
NMR tube.
Number-average molecular weights (Mn) and polydispersities (PDI = Mw/Mn)
were determined with a gel-permeation chromatography (GPC) system consisting of a
Waters Alliance 2695 separations module, an online multiangle laser light scattering
(MALLS) detector fitted with a 20 mW laser operating at 658 nm (miniDAWN TREOS,
Wyatt Technology Inc.), an interferometric refractometer (Optilab rEX, Wyatt
Technology Inc.) operating at 35 °C and 685 nm, and two PLgel (Polymer Laboratories
Inc.) mixed E columns (pore size range 50-103 A˚ , 3 μm bead size). Freshly distilled
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THF served as the mobile phase and was delivered at a flow rate of 1.0 mL·min-1.
Sample concentrations were ca. 5-10 mg of polymer·mL-1 of THF, and the injection
volume was 100 μL. The detector signals were simultaneously recorded using ASTRA
software (Wyatt Technology Inc.), and absolute molecular weights were determined by
MALLS using a dn/dc calculated from the refractive index detector response and
assuming 100% mass recovery from the columns.
Tensile testing of PIB networks was conducted using a MTS Alliance RT/10
system and MTS Testworks 4 software. Dumbbell-shaped specimens (60.0 x 3.0 x 1.5
mm) were prepared using a silicone mold, clamped using a 500 N load cell, and tested at
a crosshead speed of 50 mm·min-1 at room temperature. Young’s modulus was
determined from the initial slope of the stress−strain curves. Original networks were cut
into several pieces, rehealed/recasted in the silicone molds, and tested again. Reported
values were the average of two different specimens.
Dynamic mechanical analysis (DMA) was conducted using a Q800 (TA
Instruments) dynamic mechanical analyzer in air using tensile mode. The frequency was
set at 1 Hz, the preload static force at 0.05 N, the oscillatory amplitude at 15 μm, and the
track setting at 200%. Sample dimensions were approximately 15.0 × 6.0 × 0.75 mm.
DMA experiments were performed at a heating rate of 3 °C·min-1 and a temperature
range of −120 to 45 °C. DMA data were analyzed utilizing TA Universal Analysis
software.
Thermogravimetric analysis (TGA) experiments were performed on a Q50 (TA
Instrument) thermogravimetric analyzer. The furnace atmosphere was defined by 40
mL·min-1 nitrogen. Samples were prepared by loading a platinum sample pan with 10–
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20 mg of material. The samples were subjected to a temperature ramp of 10 oC·min-1
from 20 oC to 600 oC. The onset and midpoint degradation temperatures of PIB samples
were determined from the 5 wt % and 50 wt % loss temperatures, respectively.
Differential scanning calorimetry (DSC) was conducted on a DSC Q200 (TA
Instruments) calibrated to indium and sapphire temperature and enthalpy standards,
respectively. Cool/heat DSC experiments to determine the Tg and cycloreversion (retro
Diels-Alder) temperature (TRDA) of the PIB networks were conducted by analyzing 5 mg
of cured PIB network within a hermetically sealed TZero® aluminum DSC pan from -85
to 175 oC at a heating rate of 10 oC·min-1.
Sol contents of PIB networks were determined by extraction experiments.
Samples with dimensions of 5.0 × 5.0 × 0.75 mm were cut from networks and immersed
in 5 mL of dry THF at room temperature. Samples were removed after 48 h, dried in a
vacuum oven overnight at room temperature and weighed. Swelling in THF and vacuum
drying were repeated until no further weight loss was measured.
5.3.2.1 Synthesis of exo-7-Oxanorbornene-2,3-dicarboximide
Exo-7-oxanorbornene-2,3-dicarboximide was synthesized according to literature.2
A solution of maleimide (12.6 g, 130 mmol) and furan (10.4 mL, 9.73 g, 143 mmol) in
ethyl acetate (125 mL) was prepared in a 250 mL flask equipped with a magnetic stir bar
and reflux condenser. The reaction was purged with N2 and then heated at reflux
overnight. Upon cooling to room-temperature, exo-7-oxanorbornene-2,3-dicarboximide
(15.1 g, 70%) was isolated by vacuum filtration as a colorless powder; mp 168−170 C.
1

H NMR (300 MHz, CD3Cl): δ 8.88 (s, 1H), 6.49 (s, 2H), 5.14 (s, 2H), 2.84 (s, 2H).

183

5.3.2.2 Acid-Catalyzed Cleavage/Alkylation of Butyl Rubber to Multifunctional
PIB-Br
A representative procedure for the cleavage/alkylation of butyl rubber (Table 5.1,
Entry 4), as outlined by Storey and coworkers,20 is described as follows: Butyl rubber
(50.5 g) and n-hexane (750 mL) were charged to a one-necked round-bottom flask
equipped with a magnetic stirrer, and the mixture was stirred overnight at room
temperature to dissolve the copolymer. The resulting solution was diluted with CH2Cl2
(500 mL), and with continuous stirring, equilibrated to −70 oC by immersing the flask
into a chilled methanol bath for 30 min. Then, (3-bromopropoxy) benzene (37 mL, 51 g,
23 mmol), concentrated H2SO4 (1.3 mL, 2.4 g, 24 mmol), and TiCl4 (25 mL, 43 g, 23
mmol) were added in that order, neat and at room temperature, and the reaction mixture
was stirred at −70 oC for 20 h. Excess prechilled methanol was added to the flask to
terminate the reaction. The resulting solution was warmed to room temperature and
precipitated into methanol. The precipitate was collected by redissolution in fresh
hexane, and the resulting solution was washed twice with DI water, dried over MgSO4,
and then vacuum stripped to yield the isolated polymer. The Mn and PDI of the polymer,
measured by GPC, were found to be 18,900 g mol−1 and 1.53, respectively, with a
number average, primary-bromide functionality of 4.75, as determined by 1H NMR.
Number-average, primary-bromide functionality was determined from the ratio of
integrated intensities of the peaks due to the CH2 Br protons (3.70–- 3.50 ppm) of the (3bromopropoxy)benzene residue and the gem-dimethyl protons of the IB repeat units
(1.20–- 1.05 ppm), in a manner similar to that reported by Campbell and Storey.20
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5.3.2.3 Synthesis of Multifunctional PIB-Furan
A representative synthesis of multifunctional PIB-Furan utilizing
multifunctional PIB-Br outlined in Table 5.1, Entry 4 is described as follows: To a 250
mL round bottom flask equipped with a magnetic stir bar were charged 10.9 g (0.57
mmol, 4.7 mmol Br) of multifunctional PIB-Br and 130 mL of dry THF. Upon
dissolution, 3.5 mL (3.96 g, 34.7 mmol) of furfuryl mercaptan and 4.80 g (34.7 mmol) of
potassium carbonate were charged. The reaction was heated at reflux under a blanket of
N2 for 24 h. Upon cooling to room temperature, the majority of the THF was removed
under a stream of N2, and xx mL hexane was added to dissolve the crude polymer. The
resulting solution was filtered to remove solids and precipitated into methanol. The
polymer was then dissolved into about xx mL hexane and washed three times with
methanol and then three times with deionized water. The organic layer was dried over
NaSO4, filtered, and vacuum stripped to yield a colorless polymer.
5.3.2.4 Synthesis of Multifunctional PIB-Maleimide
A representative synthesis of multifunctional PIB-Maleimide utilizing
multifunctional PIB-Br outlined in Table 5.1, Entry 4 is described as follows: To a 500
mL round bottom flask equipped with magnetic stir bar were charged 11.8 g (0.62 mmol,
5.1 mmol Br) of multifunctional PIB-Br and 165 mL of dry THF. Upon dissolution, 35
mL of NMP, 2.63 g (9.9 mmol) of 18-Crown-6, 2.47 g (14.9 mmol) of exo-7oxanorbornene-2,3-dicarboximide, and 3.44 g (24.9 mmol) of potassium carbonate were
charged. The reaction was heated at 50 oC under a blanket of N2 for 10 h. Upon cooling
to room temperature, the solution was concentrated under a stream of N2 upon which
excess hexane was added to dissolve the crude polymer. The solution was filtered to
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remove solids and the hexane layer was separated and precipitated into stirred methanol.
The polymer was dissolved into about xx mL hexane and washed three times with
methanol and and then three times with deionized water. The organic layer was dried
over NaSO4, filtered, and vacuum stripped to yield a colorless polymer.
Next, a 250 mL round bottom flask was charged with 9.5 g of the recovered
polymer (multifunctional PIB with a furan-protected maleimide) and 100 mL of
anhydrous toluene. The solution was heated to reflux under a strong N2 purge for 6 h to
deprotect the furan group. Toluene was vacuum stripped, and the polymer was
precipitated into stirred methanol. The crude polymer was dissolved in an excess of
hexane and washed once with methanol and then once with deionized water. The organic
layer was then dried over NaSO4, filtered, and vacuum stripped to yield a colorless
polymer.
5.3.2.5 Casting and Curing of Diels-Alder PIB Networks
Thermally reversible networks in the form of free-standing films or tensile bars
for analysis and testing were prepared by heating a mixture of multifunctional PIBMaleimide and PIB-Furan macromers at elevated temperatures. A representative
procedure utilizing PIB-Maleimide and PIB-Furan derived from the multifunctional PIBBr precursor outlined in Table 5.1, Entry 4 is described: To a 10 mL beaker were
charged 2.37 g of multifunctional PIB-Maleimide (95.5 wt%) and 2.35 g of
multifunctional PIB-Furan (96.4 wt%). The mixture was heated to 150 oC using an oil
bath, and a homogenous mixture was obtained upon stirring for several minutes. While
still free flowing, the mixture was poured into a silicone mold with a dog-bone-shaped
cavity with dimensions specified in ASTM D 638; the cavity was slightly overfilled and
186

the excess mixture was raked away using a razor blade to produce a flat upper surface.
Alternatively, a free-standing film was prepared by pouring the mixture onto a glass plate
which had been previously cleaned with acetone, coated with release agent (Rain-X), and
fitted with 0.75 mm Teflon spacers. Either assembly was placed in a vacuum oven at 150
C, and the mixture was degassed for 2 h. For preparation of a free-standing film, after
degassing, a second, clean, Rain-X coated glass plate was quickly placed over the
sample. The samples were then allowed to anneal at 50 °C overnight. After curing, the
film and tensile bars were gently peeled away using a razor blade and stored in a
scintillation vial prior to characterization. Specimens for DMA and sol-content analysis
were cut out of the free-standing films using a razor blade.
5.3.3 Results and Discussion
5.3.3.1 Synthesis of Multifunctional PIB-Br
Multifunctional PIB-Br macromers were prepared by the acid-catalyzed
electrophilic cleavage and alkylation of butyl rubber with (3-bromopropoxy)benzene.
This process was initially reported by Campbell and Storey20 and represents a costeffective and highly modular approach to prepare multifunctional PIBs. Other methods
to multifunctional PIBs include multifunctional initiators21,22, ozonolysis of butyl
rubber23, and cross-metathesis of butyl rubber24, and other modification reactions of butyl
rubber.16 A high degree of control over the cleavage/alkylation of butyl rubber can be
accomplished by tuning reaction temperature, reaction time, isoprene content of the butyl
rubber, Lewis acid, Friedel-Crafts substrate, and reagent concentrations. Recently,
Parada and coworkers demonstrated the use of hindered phenolic quenchers, specifically
2,6-di-tert-butylphenol, in the cleavage/alkylation of butyl rubber for the preparation of
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high molecular weight, high functionality PIBs with covalently bound antioxidant
moieties.25 However, in the present study (3-bromopropoxy)benzene was selected as the
Friedel-Crafts substrate due to the resulting primary-bromide functional groups along the
PIB backbone, which provide for excellent post-modification sites, and due to a thorough
understanding of the cleavage/alkylation process utilizing (3-bromopropoxy)benzene.
Detailed in Table 5.1 are the characteristics (molecular weight, functionality, and
functional equivalent weight) of the starting butyl rubber (EXXON Butyl 365 and
EXXON Butyl 068) and the resulting multifunctional PIB-Br macromers synthesized via
electrophilic cleavage and alkylation. Three multifunctional PIB-Br masterbatches were
prepared, which allowed investigation of the effect of molecular weight, functionality,
and functional equivalent weight of the PIB macromers on the resulting properties of the
Diels-Alder crosslinked networks. Specifically, comparison of the networks prepared
from Entry 3 and Entry 4 provides insight on the effect of functional equivalent weight
while comparison of Entry 4 and Entry 5 shows the effect of functionality at similar
functional equivalent weights.
Table 5.1
Molecular Weight and Functionalities of EXXON Butyl Rubbers and PIB-Br Macromers
Entry

Macromer

Mn
(g·mol-1)

PDI

Functionality

Functional Equiv.
Weight (g·mol-1)

1

EXXON Butyl 365

191,000

1.66

-

-

2

EXXON Butyl 068

337,000

1.27

-

-

3

PIB-Br-7.8F-38K

38,700

1.49

7.8

4,960

4

PIB-Br-8.2F-19K

18,900

1.53

8.2

2,300

5

PIB-Br-3.5F-7K

6,900

1.26

3.5

1,960

Shown in Figure 5.2A is the 1H NMR spectrum of multifunctional PIB-Br
(Table 5.1, Entry 4) produced by electrophilic cleavage and alkylation of Exxon Butyl
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365 with (3-bromopropoxy)benzene. Even at relatively high molecular weights (Entry 3
and 4), the spectrum resolution was aided by the high degree of functionality of these
polymers which provided a high concentration of end groups (high signal-to-noise ratio).
Alkylation, para to the alkoxy moiety, was observed as revealed by peak d at 6.81 ppm
and peak c at 7.22 ppm. Distortion of the multiplet at 7.22 ppm is due to the appearance
of peak c’, which is associated with alkoxy benzene moieties which are underwent
addition at the chain-end rather than onto the backbone.
5.3.3.2 Synthesis of Multifunctional PIB-Furan and PIB-Maleimide Macromers
Labile primary bromides of the PIB-Br macromers were subsequently
functionalized with furan and maleimide groups to form multifunctional PIB-Furan and
PIB-Maleimide macromers. Respective masterbatches of multifunctional PIB-Br from
Table 5.1 were divided into two equal halves where one half was functionalized with
furfuryl mercaptan to provide multifunctional PIB-Furan. Quantitative substitution was
confirmed by the resulting 1H NMR spectrum, shown in Figure 5.2B, in which singlets k,
j, and i appear at 7.36, 6.32, and 6.18 ppm, respectively, and are indicative of the pendant
furan group. The remaining half of the multifunctional PIB-Br was functionalized with
furan-protected maleimide (exo-7-oxanorbornene-2,3-dicarboximide). A protected
maleimide was necessary to mitigate potential Michael additions across the electron-poor
maleimide double bond. Following similar reaction conditions to Yang and coworkers,
quantitative substitution was observed by 1H NMR (Figure 5.2C) with the appearance of
h, i, and j at 2.83, 5.20, and 6.49 ppm, respectively. The protecting furan group was
removed by cycloreversion at elevated temperatures in refluxing toluene. Quantitative
cycloreversion, shown in Figure 5.2D, was observed by the disappearance of the
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aforementioned peaks and the appearance of h at 6.68 ppm which is representative of the
maleimide olefin groups. A slight amount of residual toluene is observed at 2.34 and
7.20 ppm.

Figure 5.2 1H NMR (300 MHz, CD2Cl2, 22 °C) spectrum of (A) multifunctional PIB-Br
(Table 5.1, Entry 4) and subsequent functionalization to (B) PIB-Furan macromer, (C)
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protected PIB-maleimide macromer and subsequent deprotection to (D) PIB-maleimide
macromer.
GPC traces of the starting EXXON Butyl 365 and EXXON Butyl 068 butyl
rubber and the multifunctional PIB-Br derived therefrom are shown in Figure 5.3. A
significant shift towards greater elution times is observed upon electrophilic cleavage and
alkylation of the butyl rubber and all of the PIB-Br macromers display a unimodal curve
with no evidence of low or high molecular shoulders or peaks. As reference, PIB-Br7.8F-38K was prepared from EXXON Butyl 068 while PIB-Br-8.2F-19K and PIB-Br3.5F-7K were prepared from EXXON Butyl 365.

Figure 5.3 GPC trace of the EXXON Butyl 365 and EXXON Butyl 068 and resulting
PIB-Br macromers after electrophilic cleavage and alkylation in the presence of (3bromopropoxy)benzene.
5.3.3.3 Curing of Thermally Reversible PIB Networks
Diels-Alder crosslinked PIB networks were prepared by the mixing of
stochiometric amounts of multifunctional PIB-Maleimide and PIB-Furan macromers at
elevated temperatures (Scheme 5.1). An elevated temperature in excess of 125 oC was
necessary in order to reduce the viscosity of the PIB macromers sufficiently to allow for
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homogenous mixing and to promote the cycloreversion of the Diels-Alder adduct
(occurring at temperatures greater than 110 oC) so as to prevent premature gelation and
crosslinking. Shown in Figure 5.4A is a freestanding Diels-Alder crosslinked film formed
which demonstrates the exceptional optical clarity in which the University of Southern
Mississippi logo can be clearly seen through the film. The reversibility of the DielsAlder crosslinked PIB networks was confirmed by a simple solubility test. As shown in
Figure 5.4B, the Diels-Alder crosslinked networks were completely insoluble in
dodecane at 25 oC however after heating at 125 oC for 30 minutes (Figure 5.4C), the
Diels-Alder PIB networks underwent cycloreversion and the resulting PIB macromers
were solubilized. Solvent extraction was also employed to characterize the final
conversion of the four different Diels-Alder crosslinked PIB networks after curing.
Minimal extractables (< 5wt%) were removed from the Diels-Alder crosslinked PIB
networks signifying high degree of cross-linking.
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Scheme 5.1 Curing of PIB-Furan and PIB-Maleimide macromers via Diels-Alder
cycloaddition at temperatures below 60 °C to form thermally reversible, Diels-Alder
crosslinked PIB networks.

Figure 5.4 Optically clear, freestanding film formed from the curing of multifunctional
PIB-Maleimide and PIB-Furan macromers (Table 5.1, Entry 4) (A) which are insoluble in
dodecane at 25 °C (B) and dissolve upon heating at 125 °C (C).
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5.3.3.4 Properties of Diels-Alder Crosslinked PIB Networks
Cured films were characterized by dynamic mechanical analysis (DMA) with
plots for storage modulus and tan delta (δ) versus temperature shown in Figure 5.5 and
Figure 5.6, respectively. The behavior of the storage modulus as a function of
temperature is typical of an amorphous cross-linked network. At low temperatures (< -70
o

C), a high, glassy modulus in the range of 7 × 103 MPa is observed for all samples

followed by a rapid drop in modulus upon heating. The onset of this drop in storage
modulus can be used as a method for determine the glass transition (Tg) temperature of
the networks. A slight dependence of the Tg of the networks was observed whereby
networks derived from macromers of greater overall molecular weight exhibited slightly
higher Tg’s. In general, however, the Tg’s of all networks fell within a small temperature
window (-59 to -62 oC). Establishment of an absolute rubbery plateau region at elevated
temperatures was not possible for all films as elevated heating past 60 oC would trigger
the cycloreversion of the furan-maleimide cycloadduct and ruin the testing specimen.
Rather, the storage modulus at 40 oC is reported for comparison in Table 5.2.
Alternatively, the Tg may also be determined utilizing the peak of the tan δ vs
temperature curve although in the case of PIB, there is difficulty in applying this method.
Overlap and interference from intense sub-Rouse relaxation, which is a characteristic
phenomenon of PIB, is visible from -40 and 0 oC in Figure 5.6.26-28 Local Rouse
segmental motions, which occur on a short time scale, are associated with the glass
transition however Sub-Rouse segmental motions, which occur on a longer time scale,
are associated with relaxation of larger length scales involving fewer repeat units than the
shortest Gaussian submolecules.26 Although obscured in-part by the sub-Rouse
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relaxation, approximate values of the low-temperature shoulder of the complex tan δ vs
temperature peak are reported as a secondary measurement of the glass transition
temperature (Table 5.2).

Figure 5.5 Storage modulus versus temperature for Diels-Alder crosslinked PIB networks
produced via cycloaddition PIB-Furan and PIB-Maleimide macromers of varying
functionality and functional equivalent weight.

Figure 5.6 Tan δ versus temperature for Diels-Alder crosslinked PIB networks
demonstrating the appearance of a large, sub-Rouse relaxation centered at -25 oC and a
smaller, Rouse-relaxation associated with the glass transition temperature at
approximately -52 oC.
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Table 5.2
Viscoelastic Properties of Diels-Alder PIB Networks Obtained from Dynamic
Mechanical Analysis
tan δ maximum
(°C)
Tg (E’ drop)
(°C)
Tg (tan δ shoulder)
(°C)
tan δ peak value
E’ at 40 °C
(MPa)
Extractables
(%)

PIB-DA-3.5F-7K

PIB-DA-8.2F-19K

PIB-DA-7.8F-38K

PIB-DA-3.5F7K/8.2F-19K

-26.7

-24.9

-26.8

-24.8

-61.8

-60.2

-59.3

-58.8

-55.5

-52.8

-52.7

-52.3

1.32

1.31

1.47

1.37

0.18

1.55

0.55

0.41

4.95

1.09

2.21

3.22

Maintaining a similar functional equivalent weight of the macromer (PIB-DA3.5F-7K vs PIB-DA-8.2F-19K) while decreasing the total molecular weight led to a
decrease of the rubbery plateau storage modulus by over an order of magnitude. This
decrease is ascribed to limited chain entanglement of the PIB-DA-3.5F-7K macromers in
comparison to PIB-DA-8.2F-19K macromers. The chain entanglement molecular weight
of PIB has been reported to be approximately 17,000 g·mol-1.29 Similarly, increasing the
functional equivalent weight while keeping the functionality the same (PIB-DA-8.2F19K vs PIB-DA-7.8F-38K) resulted in a decrease of the storage modulus by an order of
magnitude. The PIB-DA-7.8F-38K macromer would be anticipated to exhibit greater
chain entanglement in comparison to PIB-DA-8.2F-19K, however the increase in
functional equivalent weight provides a greater degree of elasticity to the system. Mixing
a low functionality/low molecular weight macromer with a high functionality/high
molecular weight macromer provided a network (PIB-DA-3.5F-7K/8.2F-19K) that had
storage modulus composed of the two starting macromers. The mixed network had a
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rubbery plateau storage modulus of 0.41 MPa which was in between that of the network
resulting from the low functionality/low molecular weight (3.5F-7K) macromer and high
functionality/high molecular weight macromer (8F-19K) which were 0.18 MPa and 1.55
MPa, respectively.
The thermal decomposition profile of Diels-Alder crosslinked PIB networks was
analyzed by thermogravimetric analysis (TGA), as shown in Figure 5.7. No significant
difference in the onset (5% mass loss; ~330 oC) and midpoint (50% mass loss; ~385 oC)
decomposition temperatures of the networks was observed as detailed in Table 5.3. The
macromers from which the networks are derived from are predominantly composed of
polyisobutylene (> 90 wt%), and as such, the thermal decomposition profile is dictated by
PIB. Changes to the network composition (functionality, functional equivalent weight,
and total molecular weight of the macromers) minimally effect thermal decomposition.
Yang and coworkers recently reported onset decomposition temperatures of PIB-acrylate
macromers and networks derived therefrom at approximately 395 oC and midpoint
decomposition temperatures at approximately 435 oC.15 The onset and midpoint
decomposition temperatures observed in this study are lower in comparison as the DielsAlder crosslinked networks were thermally reversed by 150 oC and only the
decomposition of the macromers was observed. In general, however, upon reaching the
onset decomposition temperature, the samples were degraded over a narrow temperature
window (70 oC).
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Figure 5.7 TGA thermogram of Diels-Alder PIB crosslinked PIB networks.

Table 5.3
Onset (5 wt% loss) and Midpoint (50 wt% loss) Decomposition Temperatures of DielsAlder Crosslinked PIB Networks
Network

Td (onset) (°C)

Td (midpoint) (°C)

PIB-DA-3.5F-7K

335.5

387.9

PIB-DA-8.2F-19K

339.2

388.2

PIB-DA-7.8F-38K

328.8

380.2

PIB-DA-3.5F-7K/8.2F-19K

336.0

384.2

Thermal reversibility of the Diels-Alder cross-linked PIB networks was
investigated by differential scanning colorimetry (DSC) experiments and the DSC
thermograms of the networks are shown in Figure 5.8 and tabulated in Table 5.4. A
significant endotherm is observed at low temperatures (-60 oC) for all networks which
corresponds to the Tg of the PIB macromer. The measured Tg’s matched nicely with
those determined from DMA. Samples were heated further whereupon a second, broad
endotherm, which is uncharacteristic of PIB networks, is observed from 80-130 oC. This
endotherm is attributed to cycloreversion of the maleimide-furan Diels-Alder adduct
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which is known to undergo a thermally induced reversion at higher temperatures. The
retro Diels-Alder temperature (TRDA), or onset of the cycloreversion, was found to be
approximately 100 oC and exhibited a slight dependence on the network. Networks
composed from lower functionality/lower molecular weight macromers (PIB-DA-3.5F7K) exhibited higher TRDA (102.2 oC) in comparison to that of higher functionality/higher
molecular weight macromers (PIB-DA-7.8F-19K) (96.4 oC). All networks underwent
complete cycloreversion as evidenced by a minimum of the endotherm at approximately
135-137 oC. Networks composed from macromers of similar functional equivalent (PIBDA-3.5F-7K and PIB-DA-8.2F-19K) exhibited similar enthalpies (∆Hendo) for
cycloreversion (~9-10 J·g-1) indicating that the networks contained a similar density of
crosslinks per unit of mass. The network of PIB-DA-7.8F-38K, which had twice the
functional equivalent weight, exhibited a 2-fold reduction in ∆Hendo indicating that the
density of crosslinks was half of that in comparison.
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Figure 5.8 DSC thermogram of Diels-Alder crosslinked PIB networks demonstrating a
glass transition at low temperatures and the endotherm associated with the retro DielsAlder cycloreversion at elevated temperatures.

Table 5.4
Thermal Transitions Observed by DSC for Diels-Alder Crosslinked PIB Networks
Network

Tg (oC)

TRDA (oC)

Texo (oC)

∆Hendo (J·g-1)

PIB-DA-3.5F-7K

-59.1

102.2

135.4

9.73

PIB-DA-8.2F-19K

-59.0

98.9

135.0

9.25

PIB-DA-7.8F-38K

-61.4

96.4

137.6

5.76

PIB-DA-3.5F-7K/8.2F19K

-59.5

101.2

137.4

9.90

The tensile properties of original Diels-Alder PIB networks and recycled DielsAlder PIB networks were measured utilizing dogbone specimen. Recycled Diels-Alder
PIB networks are characterized by physically cutting the original Diels-Alder PIB
networks with a razor blade into several pieces and recasting the networks at elevated
temperatures. The stress-strain curves for both original and recycled Diels-Alder PIB
networks demonstrated characteristic elastomeric behavior, as shown in Figure 5.9. As
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tabulated in Table 5.5, networks prepared from low molecular weight macromers (PIBDA-3.5F-7K) exhibited exceptional strain-at-break up to nearly 1100 %. Increasing the
molecular weight of the macromer (PIB-DA-8.2F-19K) while maintaining a similar
functional equivalent weight resulted in a significant drop in strain-at-break. Lastly,
increasing the functional equivalent weight while maintaining similar functionality (PIBDA-7.8F-38K) resulted in an increase in the strain-at-break. Similar trends are also
observed for the Young’s modulus. Such trends are believed to be correlated to the
overall molecular weight of the network macromers. Low molecular weight macromers
(PIB-DA-3.5F-7K) are below the chain entanglement molecular weight of PIB and so
any crosslinks are covalent in nature. For larger molecular weights above the chain
entanglement molecular weight, such as PIB-DA-8.2F-19K, covalent and physical
crosslinks are now present. These physical junctions act as another crosslink and work to
toughen the network resulting in a tougher network with higher Young’s moduli and
lower strain-at-break. A further increase in molecular weight, as for PIB-DA-8.2F-38K,
adds more elasticity to the system providing for a weaker network with lower Youngs
moduli and higher strain-at-break.
After the tensile bars of the networks were strained until rupture, the network
fragments were further cut into smaller pieces using a razor blade. The pieces of the
original network were then placed back into the silicone mold and heated/recast into new,
recycled tensile bars. Recycled networks displayed a slight amount of hysteresis in the
measured tensile properties. This hysteresis may be due to the destruction of maleimide
groups at elevated temperatures as noted by Fan and coworkers in similar studies.30 In
nearly all cases though, the recycled networks exhibited very similar Young’s moduli and
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strength-at-break to that of the original networks and all networks displayed a decrease in
the strain-at-break.

Figure 5.9 Stress-strain curves of Diels-Alder crosslinked PIB networks exhibiting
typical elastomeric behavior.

Table 5.5
Tensile Properties of Original and Recycled Diels-Alder PIB Networks
Original

Recycled
Strain-atbreak
(mm·mm1
)

Network

Young’s
Modulus
(MPa)

Strain-atbreak
(mm·mm-1)

Strengthat-break
(MPa)

Young’s
Modulus
(MPa)

Strengthat-break
(MPa)

PIB-DA-3.5F-7K

0.23

10.94

0.86

0.21

9.01

0.82

PIB-DA-8.2F-19K

0.58

2.83

0.97

0.59

2.51

0.96

PIB-DA-7.8F-38K

0.30

7.20

0.92

0.40

5.26

1.06

PIB-DA-3.5F7K/8.2F-19K

0.36

5.09

0.97

0.37

4.14

0.81

5.4 Conclusion
We have demonstrated that well-defined PIB macromers capable of
crosslinking via Diels-Alder cycloaddition are readily obtained from the acid-catalyzed
electrophilic cleavage and alkylation of butyl rubber followed by substitution with
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maleimide or furan groups. Thermally responsive, Diels-Alder crosslinked elastomers
and optically clear films can subsequently be prepared by stochiometric mixing of PIBFuran and PIB-Maleimide macromers at elevated temperatures followed by casting at
reduced temperatures. Minimal extractables (< 5wt%) were removed from the DielsAlder crosslinked PIB networks signifying a high degree of cross-linking. PIB networks
prepared from macromers of varying functionality and functional equivalent weights did
not exhibit significant differences in glass transition temperatures as measured by DMA
and DSC. In addition, the decomposition profile of the PIB networks was not dependent
on functionality or functional equivalent weight of the starting PIB macromers as all
networks showed similar onset and midpoint decomposition temperatures centered
around 335 and 385 oC, respectively.
Thermodynamic reversibility of the Diels-Alder crosslinked PIB networks
was confirmed by DSC in which significant endotherms, associated with cycloreversion
of the maleimide-furan adduct, were observed at approximately 100 oC for each network.
The retro Diels-Alder temperature (TRDA) was weakly correlated with the overall
molecular weight of the starting PIB macromer. Networks prepared from macromers of
differing molecular weight yet similar functional equivalent weight exhibited similar
enthalpies (∆Hendo) for cycloreversion (~9-10 J·g-1) indicating that the networks contained
a similar density of crosslinks per unit of mass. An increase in the functional equivalent
weight of the macromer led to a reduction in ∆Hendo indicating that the density of
crosslinks was reduced.
Diels-Alder crosslinked PIB networks, especially those derived from low
molecular weight macromers, exhibited exceptional elastomeric properties with strain-at203

break up to 1100%. In general, however, the PIB networks were characterized as having
low Young’s moduli, high strains-at-break, and low stresses-at-break. Networks
prepared from macromers greater in molecular weight than the chain entanglement
molecular weight of PIB exhibited reduced strain-at-break and increased Young’s moduli
presumably due to a preponderance of physical crosslinking in addition to covalent
crosslinking. Diels-Alder PIB networks were capable of being recycled by physical
destruction of the network followed by recasting of the network at elevated temperatures.
Recycled networks displayed a slight amount of hysteresis in the measured mechanical
properties. In nearly all cases though, the recycled networks exhibited very similar
Young’s moduli and strength-at-break to that of the original networks and all networks
displayed a decrease in the strain-at-break. Diels-Alder chemistries offer a convenient
method of harnessing the advantageous properties of PIB networks, such as good
elasticity, strong adhesion and gas barrier properties, good thermal and oxidative stability
and biocompatibility while also incorporating thermal reversibility. Incorporating thermal
reversibility to thermoset PIB networks, which normally cannot be altered or recycled,
presents a viable method to extending the lifetime of materials using PIB.
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APPENDIX A – Chapter II Supporting Figures, Tables and Schemes

Figure A.1 GPC trace of “long” tail VE-PIB with a molecular weight of 2,620 g·mol-1.

Figure A.2 GPC trace of “intermediate” tail VE-PIB with a molecular weight of 1,070
g·mol-1.
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Figure A.3 GPC trace of PIB-Br with a molecular weight of 2,710 g·mol-1.

Figure A.4 GPC trace of PIB-Br with a molecular weight of 11,100 g·mol-1.
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Figure A.5 1H NMR (600 MHz, CDCl3, 22oC) spectrum of PIBCH2Cl oligomer based on
triisobutylene.

Figure A.6 1H NMR (600 MHz, CDCl3, 22oC) spectrum of VE-PIB oligomer based on
triisobutylene.
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Figure A.7 Overlay of kinetic NMR plots from the copolymerization of 2,620 g·mol-1
VE-PIB with maleic anhydride.
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Figure A.8 Overlay of kinetic NMR plots from the copolymerization of 1,070 g·mol-1
VE-PIB with maleic anhydride.
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Figure A.9 Overlay of kinetic NMR plots from the copolymerization of 288 g·mol-1 VEPIB with maleic anhydride.

213

Figure A.10 Calibration curve for methylene blue for UV-VIS supernatant depletion
assay.

Figure A.11 Langmuir adsorption isotherm for the adsorption of methylene blue onto
Vulcan XC-72R carbon black by UV-VIS supernatant depletion assay.
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Surface Area Measurements of Vulcan XC-72R Carbon Black via Methylene Blue
Adsorption
The surface area of Vulcan XC-72R carbon black was measured via UV-VIS supernatant
depletion assay using methylene blue as an adsorbent. A calibration curve of various
aqueous solutions of methylene blue concentrations (0.00125-0.01 mg·mL-1) was
prepared via serial dilution from a 1 mg·mL-1 stock solution. Next, 10 mg of Vulcan
XC-72R carbon black was massed into a scintillation vials followed by the addition of 10
mL of each respective concentration. The solutions were ultrasonicated for 2 min and
then placed on a continuous rotating mixer overnight to allow for the methylene blue to
reach adsorption equilibrium. Solutions were then filtered through a 0.2 μm PTFE filter
to remove the carbon black and recover the supernatant. The absorbance appearing at
668 nm from methylene blue was used to quantify the remaining dispersant concentration
in the supernatant after exposure to carbon black. The maximum mass of adsorbed
methylene blue onto the carbon black was determined by fitting the data to Langmuir’s
theory of adsorption. A molecule of methylene blue occupies an area of 130 sq. Å.
Conversion of the maximum mass of adsorbed methylene blue to area, normalized to the
10 mg of carbon black used, provides the surface area of Vulcan XC-72R (263 m2·g-1).
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APPENDIX B – Chapter III Supporting Figures, Tables and Schemes

Figure B.1 1H NMR (600 MHz, CDCl3, 22oC) spectrum of 4-methyl-1
piperazinylethylamine.

Figure B.2 1H NMR (600 MHz, CDCl3, 22oC) spectrum of 1-(2-aminoethyl)piperazine.
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Figure B.3 1H NMR (300 MHz, CDCl3, 22oC) spectrum of polyisobutyl-bis(2aminoethyl)amine (PIB-DETA) obtained by reaction of PIB-Br with protected
diethylenetriamine and displacement of the MIBK protecting group by hydrolysis.

Figure B.4 MALDI-TOF mass spectrum of polyisobutyl-bis(2-aminoethyl)amine (PIBDETA).
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Figure B.5 MALDI-TOF mass spectrum of polyisobutyl-piperazinylethylamineglutarimide (PIB-PzEA-Glutarimide).

Figure B.6 MALDI-TOF mass spectrum of polyisobutyl-piperazinylethylaminephthalimide (PIB-PzEA-Phthalimide).
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Figure B.7 MALDI-TOF mass spectrum of polyisobutyl-piperazinylethylaminenaphthalimide (PIB-PzEA-Naphthalimide).

Figure B.8 MALDI-TOF mass spectra of polyisobutyl-bis(2-phthalimidoethyl)amine
(PIB-DETA-Phthalimide).
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Figure B.9 Analysis of MALDI-TOF MS data for PIB-PzEA- and PIB-DETA-derived
dispersants. Mass-to-charge ratio (M/z), measured at the maximum of each peak of the
major distribution, versus degree of polymerization (Xn). Legend lists slope and intercept
obtained from linear regression.

Figure B.10 MALDI-TOF mass spectra of poly(styrene-co-maleic anhydride) copolymer.
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Figure B.11 TGA thermogram of PIB-PzEA- and PIB-DETA-derived dispersants
displaying excellent thermal stability.

Figure B.12 Langmuir adsorption isotherms, plotted on a molar basis, obtained by UVVIS supernatant depletion assay for PIB-PzEA-derived dispersants adsorption onto
Vulcan XC-72R carbon black from n-dodecane.
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Figure B.13 Comparison of linearized Langmuir isotherms for the adsorption of PIBPzEA-derived dispersants onto Vulcan XC-72R carbon black from n-dodecane, plotted
according to Eq. 2.4.
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APPENDIX C – Chapter IV Supporting Figures, Tables and Schemes

Figure C.1 Change in refractive index with respect to concentration for various PIB-IL
micellar solutions.

Figure C.2 GPC trace of 3,300 g·mol-1 primary bromine-terminated polyisobutylene.
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Figure C.3 1H NMR spectrum of various PIB-MIM dispersants demonstrating a shift of
the methine proton of the imidazole ring as a function of counterion identity.

Figure C.4 MALDI-TOF mass spectrum of primary bromine-terminated polyisobutylene
(PIB-Br).
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Figure C.5 MALDI-TOF mass spectrum of [PIB-ISO][Br].

Figure C.6 Linear regression analysis MALDI-TOF mass spectrum of PIB-IL
dispersants.
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Figure C.7 Detected counts (θ = 90o) as a function of concentration of PIB-ILs of varying
cation molar volume demonstrating the identification of the CMC corresponding to
inverse micelle formation.

Figure C.8 [PIB-ISO][Br] micelle size distribution as a function of effective diameter as
measured by DLS.
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Figure C.9 [PIB-PYR][Br] micelle size distribution as a function of effective diameter as
measured by DLS.

Figure C.10 [PIB-MIM][Br] micelle size distribution as a function of effective diameter
as measured by DLS.

Figure C.11 [PIB-MIM][BF4] micelle size distribution as a function of effective diameter
as measured by DLS.
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Figure C.12 [PIB-MIM][PF6] micelle size distribution as a function of effective diameter
as measured by DLS.

Figure C.13 [PIB-MIM][TFSI] micelle size distribution as a function of effective
diameter as measured by DLS.
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Figure C.14 Decay rate (Γ) as a function of scattering vector (q2) for PIB-ILs of varying
cation molar volume from which the apparent diffusion coefficient (Dapp) can be
determined from the slope and subsequently the hydrodynamic radius (Rh) of the PIB-IL
micelles.

Figure C.15 Debye plots for PIB-IL’s of varying cation molar volume from which the
molecular weight of the inverse micelles (Mmicelle), and subsequently aggregation numbers
(Nagg), could be determined from.
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Figure C.16 CMC, Rh, Mmicelle, and Nagg as a function of the octanol-water partition
coefficient for 1-butyl-3-methyl imidazolium ([BMIM][X]) analogues (higher
coefficients = greater hydrophobicity).

Figure C.17 FTIR spectra of Vulcan XC-72R carbon black before and after exposure to
[PIB-ISO][Br].
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Figure C.18 Comparison of linearized Langmuir isotherms for the adsorption of PIB-IL
dispersants, with varying anion molar volume, onto Vulcan XC-72R carbon black from
n-dodecane.

Figure C.19 Correlation of cation double bond equivalent on mass of adsorbed dispersant
(qm) left) and adsorption constant (Ka) right) of adsorbed PIB-IL dispersants.
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Figure C.20 Correlation of cation double bond equivalent on separation distance (left)
and brush height (Ka) right) of adsorbed PIB-IL dispersants.
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APPENDIX D – MICELLIZATION AND ADSORPTION TO CARBON BLACK OF ALKYLIMIDAZOLIUM AND ZWITTERIONIC PIB DISPERSANTS
D.1 Abstract
Alkyl imidazolium-terminated PIB (PIB-IM) dispersants and zwitterionic PIB
dispersants (Figure D.1) suitable for stabilization of carbonaceous deposits found in
automotive lubricating oils were prepared and characterized by NMR, GPC, TGA, and
DSC. Micellization of the dispersants in dodecane and characteristics thereof
(hydrodynamic radius, aggregation number, and critical micelle concentration) were
investigated by static (SLS) and dynamic light scattering (DLS); whereupon the selfassociation was found to be highly sensitive to the architecture of the PIB-IM or
zwitterionic PIB dispersant. Qualitative adsorption of the dispersants onto carbon black
was confirmed by FTIR and TGA measurements. Using Langmuir adsorption studies,
the affinity for and adsorption to carbon black of the dispersants was characterized.
Adsorption onto carbon black occurred via cation-π interactions and was identified to be
highly dependent on PIB-IM alkyl chain length as well as dependent on the ion
spacing/identity of zwitterionic PIB. From the parameters obtained by the Langmuir
adsorption isotherms, the spatial arrangement of the dispersants on the carbon black
surface was elucidated.
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Figure D.1 Representative PIB intermediates (PIB-Br and PIB-Im), PIB-IM dispersants,
and zwitterionic PIB dispersants.
D.2 Experimental
D.2.1 Materials
Hexane (anhydrous, 95%), titanium tetrachloride (TiCl4; 99.9%,), 2,6-lutidine
(redistilled, 99.5%), (3-bromopropoxy)benzene (96%), toluene (anhydrous, 99%),
methanol (anhydrous, 99.8%), dodecane (99%), acetone (anhydrous, 99%), imidazole
(99%), sodium hydride (NaH; 60% dispersion in mineral oil), 1-methyl imidazole (99%),
1-ethyl imidazole (99%), 1-butyl imidazole (99%), 1,3 propane sultone (98%), lithium
acetate (99.95 %), and methylene chloride-d2 (CD2Cl2; 99.8%) were purchased from
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Sigma-Aldrich Co. and used as received. Ethyl 4-bromobutyrate (97%), ethyl 5bromovalerate (98%), ethyl 6-bromohexanoate (98%), Amberlite IRN-78 ion exchange
resion (OH-form), tetrahydrofuran (anhydrous, 99%), and methylene chloride (CH2Cl2;
99.9%) were purchased and used as received from Fisher Scientific. 1-Hexyl imidazole
(95%) and 1-octyl imidazole (95%) were purchased and used as received from AA
Blocks.
Vulcan XC-72R carbon black was purchased and used as received from Fuel Cell
Store. Isobutylene (IB; 99%) and methyl chloride (99.5%) (both Gas and Supply Co.,
Hattiesburg, MS) were dried by passing the gaseous reagent through a column of
CaSO4/molecular sieves/CaCl2 and condensing within a N2-atmosphere glovebox
immediately prior to use. 2-Chloro-2,4,4-trimethylpentane (TMPCl) was prepared by
bubbling HCl gas through neat 2,4,4-trimethyl-1-pentene (99%, Sigma-Aldrich) at 0 oC.
The HCl-saturated TMPCl was stored at 0 oC and, immediately prior to use, was
neutralized with NaHCO3, dried over anhydrous MgSO4, and filtered.
D.2.2 Instrumentation
The instrumentation and experimental techniques used within this study are previously
described in Chapter IV, Section 4.3.2.
D.2.3 Synthesis of 3,300 g·mol-1 Primary Bromide-Terminated Polyisobutylene
(PIB-Br)
Monofunctional, primary bromide-terminated PIB (PIB-Br) was synthesized
using living carbocationic polymerization and alkoxybenzene end-quenching according
to methods described by Morgan et al.1 Polymerization of isobutylene, utilizing 2chloro-2,4,4-trimethylpentane (TMPCl) as an initiator, was carried out within a N2235

atmosphere glovebox equipped with an integral, cryostated heptane bath maintained at 70 oC. To a 1 L 4-neck round-bottom flask equipped with a mechanical stirrer, ReactIR
probe, and thermocouple were added sequentially 154 mL of hexane, 231 mL of methyl
chloride, 5.95 g (6.80 mL, 0.04 mol) of TMPCl, and 0.18 mL (0.17 g, 1.5 mmol) of 2,6lutidine. The mixture was allowed to equilibrate to -70 oC, and then 125 mL (86.9 g, 1.55
mol) of isobutylene was charged to the reactor. The mixture was re-equilibrated to -70
o

C with stirring, and polymerization was initiated by the addition of 0.72 mL (1.25 g,

0.007 mol) of TiCl4. Once full monomer conversion had been attained according to FTIR
data (about 60 min), 12.6 mL (17.2 g, 0.08 mol) of 3-bromopropoxybenzene was charged
to the reactor followed immediately by 16.8 mL (29.1 g, 0.15 mol) of TiCl4. The
quenching reaction was allowed to proceed for 4 h upon which the catalyst was destroyed
by addition of excess prechilled methanol. The contents of the reaction flask were
warmed to room temperature, and after evaporation of methyl chloride, the resulting
polymer solution was washed with methanol and then precipitated into methanol. The
precipitate was collected by redissolution in fresh hexane; was washed with DI water,
dried over NaSO4, and then vacuum stripped. Residual solvent was removed under
vacuum at 40 oC to yield 3-phenoxypropylbromide-terminated PIB. The Mn determined
by GPC was 3.30 × 103 g·mol-1 and the PDI was 1.16.
D.2.4 Synthesis of Imidazole-Terminated Polyisobutylene (PIB-Imidazole)
PIB-Br with a molecular weight of 3,300 g·mol-1 was subjected to amination with
imidazole to introduce a neutral imidazole moiety at the PIB chain end as a control
dispersant. Amination of PIB-Br with imidazole was carried out under the following
procedure: A 250 mL round-bottom flask equipped with 125 mL of dry THF and a
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magnetic stir bar was charged with 2.04 g (30 mmol) of imidazole followed by the
addition of 1.19 g (30 mmol) of NaH (60% dispersion in mineral oil). The solution was
stirred and heated to 40 oC under a blanket of nitrogen until bubbling had ceased. Next,
10 g (3.0 mmol) of PIB-Br contained in 25 mL of dry THF was charged to the flask and
the reaction was heated at reflux overnight. Following this, the reaction was cooled to
room temperature before addition of 30 mL of methanol to quench any remaining NaH.
The polymer was concentrated under vacuum before being dissolved in excess hexane
and washed 3× with methanol and 3× with deionized water. The organic layer was
separated, dried over NaSO4, and vacuum stripped to yield a viscous, free-flowing
polymer.
D.2.5 General Procedure for the Synthesis of Alkyl Imidazolium-Terminated
Polyisobutylene (PIB-IM)
Imidazolium-terminated PIB’s (PIB-IM) with varying alkyl chain lengths were
prepared in a straight-forward manner via direct quaternization of the respective alkyl
imidazole with PIB-Br. The counterion of the formed PIB-IM was that of a bromide
anion. A representative procedure for the preparation of PIB-IM using 1-methyl
imidazole was conducted as follows: To a 250 mL round bottom flask was charged a
magnetic stirrer, 10 g (3.0 mmol) of PIB-Br, and 100 mL of anhydrous toluene. Upon
dissolution of the PIB-Br, 2.49 g (2.42 mL, 30 mmol) of 1-methylimidazole was charged
to the reactor. The flask was then heated to reflux under a blanket for N2 overnight.
Once cooled to room temperature, toluene was removed under vacuum and the residual
polymer was dissolved in a minimal volume of fresh hexanes and precipitated into
acetone. This procedure was repeated twice more after which the PIB-IM was solvent
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stripped and dried under vacuum at 40 oC overnight to yield a highly viscous polymer. A
similar procedure was performed with 1-ethyl imidazole, 1-butyl imidazole, 1-hexyl
imidazole, and 1-octyl imidazole.
D.2.6 General Procedure for the Synthesis of Imidazolium-Carboxylate-Terminated
Polyisobutylene (PIB-IM-n-CO2)
Zwitterionic PIBs with tethered carboxylate end-groups were prepared to
investigate the effect of covalently attached anions. The carbon tether length was varied
from 3, 4, and 5 units. A representative synthesis for PIB-IM-3-CO2 is described as
follows2: A 100 mL round-bottom flask equipped with 40 mL of dry toluene and a
magnetic stir bar was charged with 5 g (1.5 mmol) of PIB-IM by the addition of 8.75 g
(45 mmol) of ethyl 4-bromobutyrate. The solution was stirred and heated at reflux under
a blanket overnight. Once cooled to room temperature, the solution was concentrated,
and the polymer was precipitated into acetone 3× from hexane to yield a viscous, freeflowing polymer that was light brown in color. Next, the PIB was dissolved in 20 mL of
dry THF and magnetically stirred with ~1 g of Amberlite IRN-78 ion exchange resin.
After 24 h, the polymer was concentrated, precipitated once from hexane into methanol,
and then vacuum stripped to yield a viscous polymer that was light yellow in color. This
process was repeated with ethyl 5-bromovalerate and ethyl 6-hexanoate to prepare PIBIM-4-CO2 and PIB-IM-5-CO2, respectively.
D.2.7 Synthesis of Imidazolium-Sulfonate-Terminated Polyisobutylene with a 3
Carbon Tether (PIB-IM-3-SO3)
Zwitterionic imidazolium PIB with a tethered sulfonate end-group was prepared
to investigate sulfonate versus carboxylate anions. The carbon tether length was 3 units.
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A representative synthesis for PIB-IM-3-SO3 is described as follows3: A 250 mL roundbottom flask equipped with 125 mL of dry THF and a magnetic stir bar was charged with
5 g (1.5 mmol) of PIB-IM followed by the addition of 3.66 g (30 mmol) of 1,3propanesultone. The solution was stirred and heated at reflux overnight. Following this,
the reaction was cooled to room temperature and concentrated before precipitation into
acetone from hexane three times. The polymer was concentrated under vacuum to yield a
highly viscous, polymer.
D.3 Results and Discussion
D.3.1 Synthesis and Characterization of PIB-Br, PIB-Imidazole and PIB-IM, and
Zwitterionic PIB
Primary-bromide PIB precursor (PIB-Br) with a molecular weight of 3.30 × 103
g·mol-1, shown in Figure D.2A, was synthesized via Friedel-Crafts alkylation of 3phenoxypropyl bromide with “living” polyisobutylene as described by Morgan et al.1
Quantitative alkylation of “living” polyisobutylene was confirmed by integration of the
methylene protons (peak c) of the ultimate isobutylene repeat unit with the aromatic
protons (peak e) of the 3-phenoxypropyl bromide end-group. A 1:1 integration ratio
between peak c: peak e was attained indicating that the PIB chain-ends were exclusively
bromide. PIB-Br was converted to a variety of PIB-IM based on the imidazolium linkage
by refluxing in toluene overnight in the presence of an appropriate alkyl imidazole
derivative. The alkyl group of the imidazole-based PIB-ILs was varied from methyl,
ethyl, butyl, hexyl, and octyl (PIB-MIM, PIB-EIM, PIB-BIM, PIB-HIM, and PIB-OIM).
Quantitative conversion of PIB-Br to PIB-IM was monitored by the shifting of peak h at
3.63 ppm to a new downfield signal, typically around 10.70 ppm, and appropriate
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integration ratios between the imidazolium group and aromatic protons (peak d and peak
e) of the 3-phenoxypropyl tether group. The 1H NMR spectrum of ethyl imidazoliumterminated PIB (PIB-EIM) is shown in Figure D.2 as a representative alkyl imidazoliumterminated PIB.

Scheme D.1 Synthesis of zwitterionic imidazolium-carboxylate terminated
polyisobutylene.

In addition, zwitterionic PIBs, in which the anionic group (carboxylate or
sulfonate) is covalently attached, were also synthesized according to Scheme D.1. A
multi-step synthetic approach was taken to prepare zwitterionic PIBs in which PIB-Br
was initially substituted with a reactive imidazole group (Figure D.2C). Subsequent
quaternization of the terminal imidazole was conducted with an appropriate α-bromoalkyl
ester and quantitative quaternization was confirmed by the presence of peak p at 4.10
ppm (Figure D.2D) corresponding to the methylene protons nearest the ester.
Deprotection of the ester to yield a carboxylate end-group was conducted with the anion
exchange resin Amberlite IRN-78 after which a complete disappearance of peak p is seen
to yield the zwitterionic PIB. The 1H NMR spectrum of carboxylate-imidazolium PIB
with a 5 carbon spacer is shown in Figure D.2E. A sulfonate group with a 3-carbon
tether was also introduced by reaction of imidazole-terminated PIB with 1,3-propane
sultone.
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Figure D.2 1H NMR (300 MHz, CD2Cl2, 22 °C) spectrum of PIB-Br (A), ethylimidazolium PIB (PIB-EIM) (B), imidazole-terminated PIB (C), alkyl-ester imidazoliumterminated PIB (D), and zwitterionic imidazolium-carboxylate PIB with a 5 carbon tether
(PIB-IM-5-CO2) (E).

Thermogravimetric analysis of PIB-IM and zwitterionic PIB are detailed in Figure
D.3. All PIBs exhibit a single, major decomposition step at approximately 400 oC which
is associated with the thermal decomposition of polyisobutylene. Rapid decomposition
occurred once the onset temperature was reached (between 404.3 oC and 409.3 oC), and
all the PIBs were completely decomposed by 450 oC. Alkyl imidazolium-terminated
PIBs exhibit a premature degradation step starting at 250 oC which is attributed to
dealkylation of the cationic moiety by the nucleophilic bromide counterion.4 The
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magnitude of this decomposition step scales with increasing alkyl chain length of the
PIB-IM. Carboxylate-imidazolium-terminated PIBs did not exhibit this premature
degradation step indicating that the carboxylate end-group is thermally stable up through
the decomposition of the polyisobutylene. In general, the overall decomposition profiles
(degradation temperature and rate of degradation) are dictated by the thermal properties
of polyisobutylene as the end-groups of the PIBs comprise 5 wt % or less. As detailed in
Table D.1, all PIBs displayed similar glass transition (Tg) temperatures alkyl chain
length, ion spacing, or anion identity. PIB-Br precursor exhibited a Tg of -68.9 °C and all
other PIBs exhibited a Tg within ± 1.1 oC of this value, indicating that the relaxation of
the polyisobutylene polymer transitions associated with this relaxation are not influenced
by the terminal ionic groups.
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Figure D.3 Thermogravimetric analysis displaying the effect of PIB-IM alkyl chain
length and ion spacing/identity of zwitterionic PIBs on thermal stability.
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Table D.1
Effect of PIB-IM and Zwitterionic PIB Architecture on the Decomposition (Td) and Glass
Transition (Tg) Temperatures
Sample

Td, onset
(o C)

Td, midpoint
(o C)

Tg (o C)

PIB-Br

343.7

389.7

-68.9

[PIB-MIM][Br]

318.6

404.5

-68.3

[PIB-EIM][Br]

315.5

408.6

-69.9

[PIB-BIM][Br]

284.5

404.3

-69.3

[PIB-HIM][Br]

288.2

405.3

-68.4

[PIB-OIM][Br]

275.2

405.7

-68.7

PIB-IM-3-CO2

354.9

404.5

-69.6

PIB-IM-4-CO2

366.7

406.9

-69.5

PIB-IM-5-CO2

368.3

407.2

-67.9

PIB-IM-3-SO3

299.8

409.3

-70.0

D.3.2 Characterization of the Associative Properties of PIB-ILs in Dodecane by
Light Scattering
To obtain a quantitative understanding on the effect of PIB-IM and zwitterionic
PIB architecture on their aggregation behavior, dynamic light scattering (DLS)
characterization of the micellar solutions was conducted. Dodecane was chosen as the
solvent due in part to the similarity of its rheological characteristics to those of
lubricating oils. In addition, dodecane is a non-volatile solvent, which aided in
minimizing error arising from changes in concentration due to solvent evaporation. At
low concentrations (< 2 mg·mL-1), the intensity of scattered light (kilocounts per second)
was very low and nearly constant (~3-4 kcps). Furthermore, no autocorrelation function
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could be fit to the scattered light, which exhibited very poor resolution (signal-to-noise),
and consequently, no size distribution data could be obtained. Upon reaching the CMC,
generally close to 2 mg·mL-1, the intensity of scattered light steadily increased with
increasing concentration. Autocorrelation functions could be modeled to the scattered
light to obtain the effective diameter at each concentration. Detected counts and effective
diameters of PIB-IM of varying alkyl chain lengths at θ = 90o are shown in Figure D.4.
Quantitative CMCs for each PIB-IM were identified from the intersection of the slope of
the detected counts before and after micellization. As exemplified in Figure D.4 and
detailed in Table D.2, the CMC of PIB-IM were between the concentrations of 610-672
μM while the CMC of the zwitterionic PIBs ranged from 604-644 μM. For PIB-IM, a
discernible trend of increasing CMC with increasing alkyl chain length is seen while for
zwitterionic PIBs, an increase in the ion spacing results in a decrease in CMC.

Figure D.4 Detected counts (θ = 90o) and effective hydrodynamic diameter of PIB-IM of
varying alkyl chain lengths as a function of concentration demonstrating the
identification of the CMC corresponding to inverse micelle formation.
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The hydrodynamic radius of the PIB-IMs and zwitterionic PIBs was characterized
by variable angle DLS employed to obtain a more precise measurement of the micelle
hydrodynamic radius. Shown in Figure D.5 is the dependence of the decay rate (Γ) of the
scattered light as a function of the scattering vector (q2), which itself is dependent on the
scattering angle, for PIB-IM of varying alkyl chain length. The hydrodynamic radius
(Rh) of the PIB-IM micelles were between 6.6-5.3 nm while the Rh of zwitterionic PIBs
ranged from 6.6-7.3 nm.

Figure D.5 Decay rate (Γ) as a function of scattering vector (q2) for PIB-IMs of varying
alkyl chain lengths from which the apparent diffusion coefficient (Dapp) can be
determined from the slope and subsequently the hydrodynamic radius (Rh) of the PIB-IM
micelles.
To further characterize the PIB-IM and zwitterionic PIB micelles, specifically in
regard to Nagg and Mmicelle, static light scattering (SLS) was employed. Debye plots,
which detail the dependence of scattered light at varying concentrations for a sample,
were composed, and the total molecular weights of the micelles, Mmicelle, was calculated
as described in Eq. 4.3 and 4.4. Debye plots for PIB-IM micelles of varying alkyl chain
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length are shown in Figure D.6. Confidence in the molecular weights measured from the
Debye plots was high on account of the r2 values being very close to 1. Furthermore,
Mmicelle was nearly concentration independent, at least over the concentration range
measured. Mmicelle varied dramatically for PIB-IM dispersants, decreasing in with
increasing alkyl chain length in the following order: [PIB-MIM] (46.7×103 g·mol-1),
[PIB-EIM] (43.3×103 g·mol-1), [PIB-BIM] (30.9×103 g·mol-1), [PIB-HIM] (21.4×103
g·mol-1), and [PIB-OIM] (17.8 ×103 g·mol-1). Consequently, Nagg also varied
dramatically (4-12 molecules) for PIB-IM dispersants as Nagg scales proportionally with
Mmicelle. A decrease in Mmicelle with an increase in alkyl chain length is attributed to
greater steric hindrance from the alkyl chains into the core of the inverse micelle.
Carboxylate-imidazolium PIB zwitterions exhibit well-defined micelles with Mmicelle
ranging from 39.8-42.6 ×103 g·mol-1 and Nagg ranging from 10-12 molecules.
Interestingly, carboxylate-imidazolium PIBs exhibit an increase in Nagg and Mmicelle with
an increase in ion spacing with an approximate 1 additional molecule added to the
micelle per step in ion spacing. Sulfonate-imidazolium PIB zwitterions exhibit larger
Nagg (14 molecules) and Mmicelle (52.2 ×103 g·mol-1) presumably due to stronger
interchain ion pair associations as compared to carboxylate-imidazolium PIBs. The
trends associated with micelle formation of PIB-IM and zwitterionic PIB as a function of
architecture (alkyl chain length and ion spacing) are captured in Figure D.7.
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Figure D.6 Debye plots for PIB-IM of varying alkyl chain length from which the
molecular weight of the inverse micelles (Mmicelle), and subsequently aggregation
numbers (Nagg), could be determined.
Table D.2
Effect of PIB-IM Alkyl Chain Length and Ion Spacing/Identity of Zwitterionic PIB on
Micellization Characteristics
Sample

CMC
(μM)

Rh (nm)

Dapp × 1011
(m2·s-1)

Mmicelle × 10-3
(g·mol-1)

Nagg

A2 × 104

[PIB-MIM][Br]

611

6.6

3.29

46.7 ± 0.5

12.0

2.92

[PIB-EIM][Br]

610

6.5

3.36

43.3 ± 1.1

11.1

2.54

[PIB-BIM][Br]

653

6.1

3.57

30.9 ± 0.8

7.9

1.63

[PIB-HIM][Br]

669

5.7

3.84

21.4 ± 0.8

5.5

1.11

[PIB-OIM][Br]

672

5.3

4.11

17.8 ± 0.3

4.6

1.26

PIB-IM-3-CO2

644

6.6

3.29

39.8 ± 1.6

10.2

1.63

PIB-IM-4-CO2

624

6.7

3.24

42.6 ± 1.2

10.9

2.38

PIB-IM-5-CO2

604

6.8

3.19

46.2 ± 1.7

11.8

2.51

PIB-IM-3-SO3

634

7.3

2.98

52.2 ± 1.1

13.4

2.02
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Figure D.7 Correlation between PIB-IM alkyl chain length and ion spacing of
carboxylate-imidazolium PIBs with respect to aggregation number (top left), molecular
weight (top right), hydrodynamic radius (bottom left), and critical micelle concentration
(bottom right).

D.3.3 Adsorption Parameters of PIB-IMs and Zwitterionic PIBs with Vulcan XC72R Carbon Black by Langmuir Adsorption Isotherms
PIB-IM and zwitterionic PIB dispersant solutions were prepared at varying
concentrations and exposed to a known mass of Vulcan XC-72R carbon black to
quantitatively understand the adsorption process. Vulcan XC-72R was used herein as
surrogate for the soot typically encountered in lubricating oil applications.5 Solutions
were mixed for a sufficient period of time, approximately 24 h, to ensure adsorption
equilibrium, upon which the supernatant, which contained free dispersant, was separated
from the carbon black by filtration. UV-VIS supernatant depletion assay was
subsequently used to construct Langmuir isotherms used to study the effect of alkyl chain
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length of PIB-IM and ion spacing/identity of zwitterionic PIB dispersants on the
adsorption onto carbon black. A complete theoretical background to Langmuir
adsorption isotherms is provided in Chapter II
Langmuir adsorption isotherms, plotted on a mass basis, for PIB-IM dispersants
possessing various alkyl chain lengths are shown in Figure D.8. Each PIB dispersant
exhibited traditional Langmuir isotherm behavior whereby the mass of dispersant
adsorbed continually increased with increasing Ce until reaching a plateau. Qualitative
interpretation of the isotherms indicated, based on the initial rates of adsorption at low Ce
and the magnitude of the plateau, that the adsorption process was highly sensitive to
changes in the dispersant architecture. For PIB-IM, the maximum adsorption capacity
scaled inversely with alkyl chain length as [PIB-MIM][Br] exhibited the largest plateau
followed by [PIB-BIM][Br] and [PIB-OIM][Br]. For zwitterionic PIBs, no clear trend
was observed with variation of spacing between the imidazolium cation and carboxylate
anion however the largest spacing (5 methylene units) exhibited markedly increased
adsorption as compared to 4 and 3 methylene units. PIB-IM-5-CO2 (0.27 mg·m-2)
demonstrated the greatest mass adsorbed followed by PIB-IM-3-CO2 (0.18 mg·m-2) and
lastly PIB-IM-4-CO2 (0.16 mg·m-2). Most notably however, changing the carboxylate
anion for a sulfonate anion resulted in a precipitous drop in the maximum amount of
dispersant adsorbed as PIB-IM-3-SO3 only adsorbed at a rate of 0.10 mg·m-2.
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Figure D.8 Langmuir adsorption isotherms obtained by UV-Vis supernatant depletion
assay for PIB-IM dispersants, with varying alkyl chain length, onto Vulcan XC-72R
carbon black from n-dodecane.

Langmuir adsorption isotherms were further analyzed to provide insight into
adsorption mechanisms, surface properties, and adsorbate affinities. Specifically,
linearized Langmuir isotherms were constructed to enable the determination of
adsorption capacities for monolayer coverage and adsorption equilibrium constants.
Linearized Langmuir isotherms for PIB-IM, plotted according to Eq. 2.3, are shown in
Figure D.9. Monolayer adsorption capacities, qm , and adsorption equilibrium constants,

Ka , extracted from the linearized plots using linear regression analysis, are listed in
Table D.3 along with the r2 values. Also listed are the calculated number of molecules
required for monolayer coverage, assuming that the carbon black particles are
approximated by a 50 nm sphere.
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Figure D.9 Comparison of linearized Langmuir isotherms for the adsorption of PIB-IM
dispersants, with varying alkyl chain length, onto Vulcan XC-72R carbon black from ndodecane, plotted according to Eq. 2.3.

Utilizing the qm parameter obtained from the adsorption isotherms, spatial
arrangement and conformation of the adsorbed PIB dispersants on the carbon black
surface can be gleaned by applying the Alexander-de Gennes polymer brush model which
provides a theoretical framework to understand the interaction and conformations of
restricted polymer chains at a surface.6,7 A complete theoretical background to the
conformation of adsorbed dispersants using the Alexander-de Gennes polymer brush
model is provided in Chapter IV. Utilizing this framework, the conformation of the
adsorbed PIB-IM and zwitterionic PIB dispersants was considered and are detailed in
Figure D.10 and Table D.4
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Table D.3
Comparison of Thermodynamic Parameters for the Adsorption of PIB-IM and
Zwitterionic PIB Dispersants onto Vulcan XC-72R Carbon Black from n-Dodecane
Dispersant

r2

qm
(mg·m-2)

Ka
(m3·mol -1)

Adsorbed
Moleculesb

[PIB-MIM][Br]

0.98

0.23

4.15

330

[PIB-BIM][Br]

0.95

0.16

3.87

230

[PIB-OIM][Br]

0.98

0.11

4.82

160

PIB-IM-3-CO2

0.99

0.18

4.19

260

PIB-IM-4-CO2

0.97

0.16

2.19

230

PIB-IM-5-CO2

0.96

0.27

2.95

390

PIB-IM-3-SO3

0.98

0.10

2.58
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Figure D.10 Correlation of PIB-IM alkyl chain length and zwitterionic PIB ion spacing
on the mass of adsorbed dispersant (qm) (top left), area occupied (top right), separation
distance of adsorbed dispersant (bottom left) and brush thickness (bottom right) of
adsorbed dispersants.
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Table D.4
Comparison of Conformational Parameters for the Adsorption of PIB-IM and
Zwitterionic PIB Dispersants onto Vulcan XC-72R Carbon Black from n-Dodecane
Dispersant

Area Occupied
(𝚺) (nm2·chain-1)

Separation
Distance (𝒅) (nm)

Brush Thickness (H)
(nm)

[PIB-MIM][Br]

23.9

4.90

5.16

[PIB-BIM][Br]

34.2

5.85

4.58

[PIB-OIM][Br]

49.2

7.01

4.06

PIB-IM-3-CO2

29.7

5.45

4.80

PIB-IM-4-CO2

34.2

5.85

4.58

PIB-IM-5-CO2

20.4

4.52

5.44

PIB-IM-3-SO3

53.4

7.31

3.94

Adsorption of all PIB-IM and zwitterionic PIB dispersants onto carbon black was
observed to fit the linear models (Eq. 2.3) quite well, as indicated by r2 values close to 1.
As shown in Figure D.10, the adsorption parameters and spatial arrangement of PIB-IM
dispersants is significantly affected by the chain length of the terminal alkyl group. PIBIM dispersants carrying methyl, butyl, and octyl alkyl groups were investigated and the
maximum adsorption, qm , of these dispersants were found to scale inversely to the size
of the alkyl group with qm increasing from 0.16 to 0.27 mg·m-2. The adsorption affinity
of PIB-IMs remained relatively constant with alkyl chain length as all PIB-IM adsorption
constants ranged between 3.87-4.82 m3·mol-1. Consequently, the spatial arrangement of
PIB-IMs also varied widely as the occupied area (Σ) and separation distance (𝑑)
increased with increasing alkyl chain length. From the Alexander-de Gennes theory,
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adsorbed [PIB-MIM][Br] and [PIB-BIM][Br] dispersants are believed to exist in a
weakly overlapping brush conformation as the measured separation distance, 4.90 and
5.85 nm, respectively, is between or close to that of Rf < 𝑑 < 2Rf. (5.82 nm). The
conformation of adsorbed [PIB-OIM][Br] (𝑑 = 7.01 nm) is greater than 2 Rf and so is
assumed to be in mushroom conformation. The establishment of trends associated with
changes in the alkyl chain length of PIB-IMs is exemplified in Figure D.10 whereby
regression analysis of the adsorption and conformational parameters yielded quite good
correlations (R2 = 0.97-1.00).
In contrast, investigation of the ion spacing of zwitterionic PIBs did not yield
discernible trends as exemplified by poor correlations from regression analysis of the
adsorption and conformational parameters (R2 = 0.44-0.59). Although PIB-IM-3-CO2
and PIB-IM-4-CO2 adsorbed to a similar degree, a significant increase in adsorption was
seen for PIB-IM-5-CO2; so much so that the adsorbed dispersant was firmly within the
overlapping brush regime. Altering the anion to PIB-IM-3-SO3, a significant drop in
performance of the dispersant was observed as exemplified by minimal adsorption and a
mushroom regime conformation. Similar to the PIB-IM study, no significant variation in
the adsorption constant was observed for the zwitterionic PIBs (Ka = 2.19-4.19 m3·mol-1).
Taken as a whole, the data in Table D.3 and D.4 and Figure D.10 introduce the idea that
the adsorption of PIB-IM dispersants onto carbon black is strongly correlated to, and
dominated by, the length of the terminal alkyl chain while for zwitterionic PIBs, the role
of ion spacing is minimal.
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D.4 Conclusions
We have demonstrated the synthesis and characterization of ionic liquidterminated PIB-IM and zwitterionic PIB dispersants from bromide-terminated
polyisobutylene with varying alkyl chain lengths, ion spacing, and anion identity.
Quantitative functionalization to PIB-IM and zwitterionic PIB dispersants was exhibited
by NMR. All PIB-IMs exhibited similar decomposition profiles in TGA marked by a
premature thermal decomposition step related to dealkylation of the imidazolium group
by the nucleophilic bromide counterion. The self-associative characteristics (Rh, Nagg,
Mmicelle, and CMC) of PIB-IMs and zwitterionic PIBs into reverse micelles in dodecane
was investigated by static and dynamic light scattering. PIB-IMs were generally found to
associate into reverse micelles with hydrodynamic radii ranging from 5.3-6.6 nm at
critical micelle concentrations varying from 610-672 μM while zwitterionic PIBs ranged
from 6.6-7.3 nm and 604-644 μM. Substantial influence for inverse micelle formations
were observed upon variation of the alkyl chain length of PIB-IMs whereby an increase
in chain length led to a decrease in Rh, Nagg, Mmicelle and an increase in the CMC.
Conversely, an increase in ion spacing of zwitterionic PIBs led to an increase in Rh, Nagg,
Mmicelle and a decrease in the CMC. Using Langmuir adsorption studies, the affinity for
and adsorption to carbon black of PIB dispersants was characterized. PIB-IM and
zwitterionic PIB adsorption with carbon black occurred via cation-π interactions and was
identified to be highly dependent on the length of the terminal alkyl chain of PIB-IMs.
An increase in the chain length (PIB-MIM < PIB-BIM < PIB-OIM) resulted in a decrease
in the adsorbed mass (qm) and higher adsorbed chain separation distances (d). From the
parameters obtained by the Langmuir adsorption isotherms, insight into the spatial
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arrangement of PIB-ILs on the carbon black surface was elucidated. PIB-IM dispersants
were found to be in the brush regime (d < 2Rf) until an alkyl chain length of 4 units
whereby lateral interactions with neighboring adsorbed dispersants force the PIB chains
to extend from the surface. Above this alkyl chain length, the adsorbed PIB-IM
dispersants were in a mushroom conformation. Conversely, the adsorption process of
zwitterionic PIBs was not overtly sensitive to ion spacing however substitution of a
carboxylate anion for a sulfonate led to a precipitous drop in adsorption. Taken as a
whole, this study provides insight into how the interactions of PIB-IMs and zwitterionic
PIBs, either mutual or with carbon black, are influenced by certain architectural
influences and provides an excellent starting point for further studies regarding PIB-IL
solution and adsorption studies.
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